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nstrumented Vehicle Research 


in Highway Information Systems 


he design of motorist information 
isplays for the highway transporta- 
on system continues to be a problem 
or highway engineers. This article 
escribes a new methodological 
pproach for the study of highway 
gning. The technique is called the 
1-vehicle Sign Simulation (ISS) 
1ethod and was developed by the 
fice of Research, Federal Highway 
dministration. The ISS method 

) quires an instrumented automobile 
) measure motorists’ responses to 
xperimental signs presented on a 
creen inside the vehicle. With the 
8 method, subjects are tested while 
riving on highways open to normal 
| ‘affic operations. Heretofore, signing 
2searchers have had a choice be- 
veen artificial laboratory conditions 
_¥ poorly controlled field environ- 
tents for studying new information 


JBLIC ROADS e Vol. 40, No. 2 


systems. The ISS method bridges the 
gap between these two approaches 
by providing the rigorous experi- 
mental control typical of the labora- 
tory and the realism of actual driving. 


This article discusses the uses of the 
ISS method in the context of instru- 
mented vehicle research. The 
technical aspects of the vehicle’s 
design are described in the article, 
“Designing an Instrumented Driver 
Response System,” by Joseph C. 
Leifer which begins on page 60. 


Introduction 


nstrumented vehicle studies of 

motorist information systems can 
vary considerably in methodological 
approach. The technique developed 
and used by researchers in the 
Federal Highway Administration 
(FHWA) is called the In-vehicle Sign 
Simulation (ISS) method. With this 
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by Truman M. Mast, 
James A. Ballas, and Joseph I. Peters 


method experimental information 
displays are presented to the driver 
inside an instrumented vehicle as he 
or she travels to destinations on 
highways open to normal operations. 
The instrumented vehicle currently 
being used in human factors research 
on highway information systems is 
described in an article beginning on 
page 60. 


The ISS method was first used in 1972 
to develop and evaluate diagram- 
matic guide signing. (7)' In the 
diagrammatic signing studies, slides 
of the experimental signs were pro- 
jected onto a small screen positioned 





‘Italic numbers in parentheses identify the 
references on page 59. 





on the upper right portion of the 
windshield on the driver’s side (fig. 
1). The signs were presented in 
advance of several test interchanges 
along a predetermined test route. The 
signs were designed and presented 
so that they correlated with actual 
roadway geometrics, but the place 
names and route numbers were 
fictitious. Accordingly, the drivers 
tested in the studies were instructed 
to search out fictitious destinations 
and to ignore the information on the 
real guide signs. 


Currently the ISS method is being 
used to study the influence of certain 
variable message highway guide signs 
on the driver's ability to process and 
interpret directional information. A 
route diversion signing experiment 
has been completed which dealt with 
visual, real-time information display 
variables. (2) The ISS method can also 
be used in human factors studies of 
auditory message variables. A second 
experiment now in progress examines 
auditory messages used for route 
diversion purposes. Other work has 
been done on route diversion using 
an in-vehicle presentation of auditory 
messages. (3) 


The ISS method is a powerful new 
research tool for the highway engi- 
neer. It offers the sign researcher 
both the experimental control of the 
laboratory and the realism of actual 
driving conditions. 


The ISS method has several important 
advantages: 


= Rigorous experimental control can 
be exercised. 


= Large numbers and types of display 
variables can be efficiently and 
economically researched. 


= Subjective measures using ques- 
tionnaires and direct questioning by 
the experimenter can be effectively 


Figure 1.—Driver’s view of the in-vehicle display. 


combined with objective measures 
of information processing and driving 
performance. 


= Novel and innovative displays can 
be studied. 


= Subtle differences between display 
variables can be exaggerated for 
research purposes using various 
degradation procedures. 


= Psychophysiological variables can 
be studied in relationship with 
objective and subjective measures. 


= The driver’s eye movements can be 
recorded and studied in relation to 
psychophysiological, objective, and 
subjective measures.” 


The following are some disadvantages 
of the ISS method: 


= Small sample sizes must be used 
because drivers must be individually 
tested. A sample size of 100 subjects 
approaches the practical upper limit 
for a given study. 


“Instrumentation for measuring psychophysio- 
logical variables and eye movements has not 
yet been installed in the existing instrumented 
vehicle. 
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= Aged drivers should not be tested | 
with the ISS method because they 
have problems adjusting visually to | 
the in-vehicle displays and adapting 
to novel testing situations. 


= The equipment is expensive and 
fairly complex and the research tean| 
must possess specialized skills. 


No one methodological approach is 
sufficient for studying motorist infor 
mation systems. Large-scale researct 
in highway signing is best conducted 
using a combination of methodologie 
—including laboratory, instrumentec 
vehicle, and on-road field evaluation 
(4) The laboratory offers the best 
means for initial screening of many 
kinds of display variables, and on- 
road field evaluations should be 
used to make a final assessment of 
selected information systems. The I')- 
method offers the researcher a ste} 
between laboratory research and 
field evaluations—it can best be usd 
to refine and further develop cant 
date displays produced in the 
laboratory. 
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(esearch Applications 

(I 

he wide variety of research applica- 
y Ons and questions that can. be 
ddressed with the ISS method estab- 
shes it as a vital phase in a motorist 
{formation research program. A 
(articular use of the ISS method is in 
je area of changeable message signs. 
lecause of the recent development 
sf changeable message signs, the 
daft engineer has few technical 
uidelines to aid him in implementing 
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these signs. In freeway situations 
where changeable message signs can 
be used to inform motorists of 
incidents ahead and to advise them 
of alternate routes, the traffic engineer 
should know what type of information 
would most effectively aid a motorist 
in choosing a route. The engineer 
needs to know how far in advance of 
the decision point each sign should 
be placed, how many signs are 
needed to effectively inform drivers 
of the situation, and what information 
should come first. By designing test 
signs in the form of 35 mm slides for 
in-vehicle use, an experimenter can 
put virtually anything on each sign. 
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Moreover he or she can easily manip- 
ulate the number of signs a driver 
will see and the location in which 
they will be seen. For example, figure 
2 shows the series of experimental 
signs used in a recent study. (2) 


Another application of the ISS method 
is in the evaluation of new types of 
signs. Sign hardware technology is 
continually being advanced particu- 
larly in the area of changeable 
message signs. In response to the 
research needs generated by recent 
technical developments, researchers 
can use the ISS method to economi- 
cally evaluate drivers’ perceptions of 
different types of displays such as 
bulb matrix, rotary drum, and 
standard, fixed message signs. Certain 
types of signs may be suitable for 
some functions but inappropriate for 
others. There are three basic sign 
functions: regulation (stop signs and 
speed limit signs); warning (railroad 
crossing and narrow bridge signs); 
and guidance (route number and 
destination signs). (5) Based on driver 
response it may be that bulb matrix 
signs are more appropriate for warn- 
ing than for guidance functions. By 
varying these functions, an experi- 
menter can assess the impact of each 
on driver decisionmaking and 
information processing. 


In addition to presenting test signs to 
the driver, an experimenter can 
present simulated radio messages as 
well. By prerecording the messages 
on tape, the experimenter can cue 
an in-vehicle tape recorder to play 
a selected message over the car radio 
speaker. In this manner, such message 
variables as content, placement, and 
function, which can be studied in the 
context of visual signs, can also be 
studied in the context of radio 
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Figure 3.—Examples of conventional and diagrammatic signs that were evaluated using the ISS technique. 
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ressages. The instrumented vehicle 
wed in current research is equipped 
| provide any combination of sign 
d radio messages in any sequence 
that a researcher can determine 

e optimum usage of both in a 
ghway information system. 































ther variables which are specific to 
e visual or the auditory mode can 
30 be studied. For example, 
Imerous factors contributing to 

in legibility such as contrast, color- 
g, and letter style and size can all 
‘ systematically manipulated by the 
perimenter. In the auditory mode, 
*tors contributing to message 
elligibility such as voice loudness 
d pitch, signal to noise ratio, and 
iguage style are also under the 
ntrol of the experimenter. 


search using an instrumented 
hicle is not limited to the study of 
in or radio systems. To determine 
2 effects of pretrip planning, for 
ample, an experimenter can eval- 
te the driving performance of 
vers who were allowed reference 
amap in relation to those who did 
t use a map. The experimenter 

1 also determine the benefits of 
nap or a navigator to a driver who 
trying to reach an unfamiliar 
stination. 


manipulating several variables at 
ce, the experimenter can observe 
ults which might differ consider- 
ly from those obtained when 

‘iables are evaluated independently. 
is approach was used in a study 
lich determined that diagrammatic 
ide signs were superior to con- 
itional signs only when used to 
licate left exits or major forks in the 
id (fig. 3). (6) Had the experimenter 
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looked only at right exit situations, 
he might have wrongly concluded 
that conventional signs were superior 
to diagrammatic signs in all guidance 
situations. Similarly, by simultaneously 
considering message modality and 
message function, an experimenter 
might find that auditory messages are 
superior to visual signs only when 
they serve to warn drivers of hazards 
ahead, and that visual signs are 
superior to audio messages in sit- 
uations requiring route guidance or 
movement regulation. 


In evaluating particular sign or radio 
messages, the experimenter must be 
sure that any difference in driving 
behavior or message reading times 

is due to message differences and not 
to the way each message was tested. 
If college students are used to test 
one message and businessmen to 
test another, any difference in reading 
times might be totally due to the age 
differences of the groups. Conse- 
quently, the experimenter must be 
sure to balance the test groups on 
variables such as driver’s age, sex, and 
driving experience. Instructions given 
to the driver can also affect per- 
formance to a significant degree and 
must therefore be controlled by the 
experimenter. 


Research Measures 


The instrumented vehicle approach 
enables the researcher to use a wide 
variety of objective and subjective 
measures to assess the effects of 
different types of messages and 
different driving situations. These 
objective and subjective measures 
provide data to evaluate alternative 
solutions to the issues previously 
discussed. 


Objective measures 


The objective measures include data 
on the driver’s cognitive processing 
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and vehicular control. A cognitive 
measure that has been used very 
successfully is Information Interpreta- 
tion Time (IIT). This is the amount of 
time the driver uses to read and 
interpret a particular sign or radio 
message. (7) The IIT measure has 
been used to compare diagrammatic 
and conventional signing and to 
compare different types of informa- 
tion on simulated rotating drum signs 
which advise the driver of the traffic 
situation ahead. (1, 2) For example, 
research has shown that a driver can 
read and interpret signs giving the 
level of congestion ahead faster than 
signs giving the time delay or a 
description of an incident ahead. 
The signs tested are shown in figure 
2 


The driver’s route choices provide an 
objective measure of decisionmaking. 
In a study of advisory signs, route 
choice was a critical measure since it 
indicated that the choice to divert and 
take an alternate route is affected not 
only by the severity of the situation 
described in the advisory information, 
but also by the type of information. 
(2) In research now underway the 
effect of information which describes 
the situation on the road ahead is 
compared to information which offers 
the driver an alternate route. 


The vehicular performance measures 
which are described in the article 
beginning on page 60 are used to 
evaluate the impact of signing and 
radio messages on the driver’s control 
of the vehicle. Through software 
programing, a profile of the vehicular 








performance over a section of the 
test route can be plotted and 
analyzed. Figure 4 shows such a 
plot and includes the speed of the 
vehicle, the accelerator pedal posi- 
tions, and the steering wheel positions 
within each sampling period of 1 
second. Experimental events such as 
the presentation (by the experi- 
menter) and the termination (by the 
subject) of sign displays and radio 
messages can also be indicated. 
Analysis of these profiles provides 
insight into the dynamic behavior of 
the driver, as influenced by the 
experimental situation. 


Additional objective information on 
the driver’s behavior is obtained by 
analyzing time-lapse film of the road- 
way taken from the vehicle during 
the experiment. Lane changes and 
erratic maneuvers can be tallied and 
used to evaluate experimental signing. 
For example, the proportion of 
correct lane changes made by 
drivers while negotiating complex 
interchanges was a sensitive measure 
of the relative effectiveness of 
diagrammatic versus conventional 
guide signs. (1) In particular, correct 
preparatory lane changes, along with 
other measures, indicated that 
diagrammatic guide signs provide 
substantial benefit at interchanges 
with left exits. 


The instrumented vehicle provides the 
capability to obtain objective data 
on two other important areas of driver 
behavior: memory and psychophysi- 
ology. An instrumented vehicle has 
been used in other research to 
evaluate the amount of information 
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Figure 4.—Profile of vehicle performance during an exit from a parkway. 


in a radio message that drivers can 
remember and use. (3) Radio 
messages with different amounts of 
information were presented and the 
results analyzed to determine the 
amount of information that the driver 
could correctly recall or recognize. 


Psychophysiological instrumentation 
is being planned for the instrumented 
vehicle for use in future experiments. 
Heart rate and respiration will be 
recorded and used to analyze the 
stress and workload of the driver 
during test runs. These psychophysi- 
ological data will be correlated with 
other objective data and with the 
experimental events that occur. This 
measurement capability will provide 
an important dimension to the eval- 
uation of novel communication and 
information transfer techniques. 
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Subjective measures 


The subjective measures that are user 
with the ISS method are generally | 
verbal responses to questions asked 
during a road test. In experiments 
where route choices are required, 
drivers are asked why they made | 
specific decisions. Analysis of the 
recorded responses provides informe 
tion on the decision processes the | 
driver uses. One experiment showe 
that a sign which provided a 
description of an incident on the’ 
road ahead (for example, Truck 
Overturned) prompted drivers to 
reflect on their past experiences wi 
such incidents. (2) Drivers who hat 
previously experienced delays with 
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such an incident often decided to 
take the alternate route. On the other 
‘hand, drivers who had experienced 
little or no delay with such incidents 
would tend to continue on their 
main route. 


A route choice is an all-or-none 
‘decision, but a driver’s evaluation of 
the alternatives is not discrete. In 
order to assess a driver’s evaluation 
of the alternatives on a finer scale, 
‘drivers are asked how confident they 
‘are about their decisions. These 
‘subjective confidence ratings provide 
data to distinguish between a clear 
or a confused decision. 





The driver's subjective opinions and 
preferences about signing are 
typically obtained in experiments 
with the ISS method. These data 
provide comparisons with other re- 
search studies and provide back- 
ground information on the persons 
recruited as drivers. General 
comments are also encouraged since 
they provide the researcher with new 
viewpoints and often provide in- 
sights into the cognitive or situational 
factors that combine to produce the 
results. 

Summary and Conclusions 


The capabilities and limitations of a 
ew research tool for studying high- 
way information systems have been 

oresented. The new technique is 
_talled the In-vehicle Sign Simulation 
ISS) method and uses a specially 
-2quipped automobile. It has primarily 
deen used to study the effects of 

, ign message variables on driver 
nformation processing and decision- 
naking. The ISS technique offers the 


: 
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investigator rigorous experimental 
control, economy, and efficiency 
similar to that found in laboratory 
studies. In addition, it provides the 
realism of driving under real-world 
highway conditions since the driver 
can be systematically studied as he or 
she performs under the demands 
and hazards of actual highway travel. 


The research variables that can be 
studied with the ISS method are: 
display types (variable versus fixed 
message), message function (guide 
versus regulatory), message content 
(graphic versus printed legend), 
message format, message placement 
message redundancy, message 
modality (auditory versus visual), 
message legibility and intelligibility, 
pre-trip planning, and navigational 
aids. The interactions of these 
variables with highway geometrics, 
other highway design features, and 
driver variables such as route 
familiarity and driving experience can 
also be studied. The measures used 
to study these variables are: 
Information Interpretation Time, route 
choice decisions, vehicular control 
(speed and steering control), perform- 
ance On memory tasks, and 
psychophysiological and subjective 
responses. 


, 


A glimpse into the future suggests 
that user information systems will 
continue to be important to the 
successful operation of surface 
transportation systems. We are 
approaching a new era that will be 
characterized by many alternate 
transportation modes for moving 
people and goods in American cities. 
With this trend there will most 
assuredly be an increase in the 
problems associated with user 
information needs. The motorist will 
no longer have the city virtually 

to himself but will have to compete 
for information channels with other 
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transportation modes. Information 
transmission will have to be extremely 
efficient to avoid modal conflicts and 
facilitate intermodal transfer 
operations. The development of new 
research tools such as the ISS method 
must continue so that we can 
successfully meet these challenges 

of the future. 
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Designing an 


Instrumented Driver Response System 


by Joseph C. Leifer 


In 1973, the Engineering Services 
Division of the Office of Develop- 
ment, Federal Highway Administration 
(FHWA), was requested to design 
and install a vehicle driver response 
instrumentation system. The purpose 
of the system was to measure re- 
sponse to audio and visual stimuli. 
Although detailed functional perform- 
ance specifications were given, the 
means for fulfilling them were left 
to the Electronic Instrumentation 
Group of the Engineering Services 
Division. This article presents an 
overview of nontechnical and tech- 
nical considerations for designing 
such a system as well as element-by- 
element descriptions of the system’s 
operation and detailed design con- 
siderations. Experimentation being 
conducted using this vehicle is 
described in an article by Mast, 
Ballas, and Peters beginning on page 
53. 


nica  tearemt ett 
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Introduction 


n July 2, 1973, the Traffic Systems 
O Division of the Office of 
Research at the Federal Highway 
Administration (FHWA) requested the 
Engineering Services Division of the 
FHWA Office of Development to 
design and install an instrumentation 
system in a 1970 Chrysler Imperial 
automobile. The purpose of the in- 
strumentation was to investigate 
driver response to audio and visual 
stimuli. 


The Traffic Systems Division detailed 
the specifications for the system’s 
functional performance and the de- 
sign and installation of the system 
were left to the Electronic Instrumen- 
tation Group of the Engineering 
Services Division. 


Nontechnical Design 
Considerations 


An instrumented vehicle is one of the 
most useful and cost-effective tools 
that can be used for human factors 
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Instrumented vehicle—general view. 













research in driver behavior. The time 
and effort required to extensively 
instrument a vehicle, however, brings | 
forth a number of nontechnical con- 
siderations that will affect the system | 
plan. 


Perhaps the most obvious considera- | 
tion is maintaining a close liaison | 
between those who will be using the |} 
vehicle and those designing the 
instrumentation equipment. The users’ §. 
needs and preferences should be , 
taken into account when making de- §, 
sign decisions. Trade-offs should be 
made to the extent possible within 
technical limitations. However, 
sophistication and refinement may 
have to be compromised to meet a_ 
completion date determined by 
contractual commitments. 


An instrumented vehicle will be usec |. 
by drivers who are unfamiliar with | 
its handling characteristics. Since they | 
will be driving in traffic while being |. 
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given audio and visual stimuli, safety 
becomes an important consideration. 
Equipment mounts designed to with- 
stand survivable crashes and an 
auxiliary rear seat brake pedal for 
the experimenter should be provided. 


A realistic driving environment can 
be established within the instru- 
mented vehicle by carefully planning 
the placement of equipment. This 
will give the driver a clear field of 
view and provide weight distribution 
that will not adversely affect handling. 


A blower can be used to ventilate the 
trunk, which will contain heat- 
generating equipment as well as 
explosive-gas-generating auxiliary 
lead-acid batteries. Where necessary, 
sounds produced by the instrumen- 
tation equipment can be minimized 
‘by sound absorbing material. A two- 
way radio should be in the vehicle so 
assistance or coordination with an- 
other test vehicle can be obtained. 


The experimenter and assistants, 
whose attention is on obtaining data 
from a test run, will be occupied 
with such things as orienting the 
subjects, controlling stimuli, and 
‘surveying the current and expected 
traffic conditions. Therefore, the 
instrumented vehicle—although 
-complex—must be planned and con- 
structed so that it can be operated 
‘with a minimum of concentration 
beyond that required for normal 
driving. 

The system to be described here is 
complex and involves two voice 
recorders, a digital magnetic tape 
1 recorder, a 20-column printer, a 

35 mm slide projector, and two 
cameras. Although this requires con- 
siderable “pretrip” activity, by follow- 
“ing detailed procedures an experi- 
' menter can successfully use the 
* equipment without much effort while 
5 2nroute. 
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Technical Design Considerations 
System configuration 


The choice of an analog or a digital 
instrumentation system for a vehicle 
depends on many factors: 


= Number of channels needed. 
= Bandwidth of various channels. 
™ Precision of needed data. 


= Nature of parameters to be meas- 
ured and types of transducer judged 
most suitable for the measurements. 


= Time available to implement the 
system. 


m Availability of downstream data 
processing equipment and software. 


m Availability of portable analog or 
digital instrumentation components. 


= Extent of processing required. 


= Duration (time) of one experimental 
run or series of runs. 


= Total contemplated usage of 
vehicle. 


For the system being discussed, 
consideration of the above factors 
resulted in a decision to implement 
a computer-compatible digital system. 
The users also determined that they 
could solve the problem of not 
knowing the quality of the data 
collected until the processing was 
complete by requiring an instantane- 
ous printout of data identical to that 
recorded on magnetic tape. In this 
way, the operation of all equipment in 
the system (other than the magnetic 
tape recorder), as well as experimental 
data, could be monitored in real 
time. Also, diagnosis of tape errors 
or computer processing problems 
would be simplified since these results 
have to duplicate the data produced 
by the printer. 


System requirements 


The users of the instrumented vehicle 
specified that the following param- 
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eters be measured and be recorded 
once per second: 


® Vehicle velocity—to a precision of 
0.1 mph (0.16 km/h). Range of 
measurements 0 to 99.9 mph (0 to 
to9.5.Kmy i); 


m Distance traveled from arbitrary 
start point—to a precision of 0.01 mile 
(0.016 km). Range of measurement 
0 to 99.9 miles (0 to 159.3 km); 
manual reset. 


= Latency of subject response (time 
between initiation of a stimulus and 
subject response)—to a precision of 
0.01 second. Range of measurement 
0.01 to 79.99 seconds; automatic 
FESeL. 


m Steering wheel position—in 100 
increments from 00 at right lock to 99 
at left lock. 


® Accelerator position—in 100 incre- 
ments from 00 at curb idle to 99 at 
full throttle. 


mw Steering wheel reversals—all re- 
versals in steering wheel direction of 
rotation occurring each second. 
Range 0 to 9. 


m Accelerator reversals—all reversals 
in accelerator pedal direction of 
movement occurring each second. 
Range 0 to 9. 


= Brake applications—the number of 
times each second that the brake 
pedal is applied. Range 0 to 9. 


mu Event codes—the action of the 
experimenter in initiating or terminat- 
ing stimuli, or marking some other 
event, is encoded and placed on the 
data tape as is the subject’s termina- 
tion of a stimulus. Four codes used 
(of the 10 available). 


a Time from beginning of an experi- 
mental run—implicitly obtained from 
the crystal-controlled, 1-second 
interval between readings. 














Figure 1.—Subject response lamps on dashboard and Figure 3.—Slide projector and two cameras (front and rear window views). 
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Figure 2.—View into rear seat showing 20- column printer (a), subject response lamps (b), 
two-way radio (c), magnetic tape recorder (d), control panel (e), and slide projector (f). 
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System Operation 
Visual stimulus 


The experimenter presses the appro 
priate button to present a visual 
stimulus to the experimental subjec' 
The stimuli are presented by a 
remote-controlled projector having 
an 80-slide magazine. The experi- 
menter presents the next slide in the 
sequence by pressing a visual stimult 
button, located either on a miniature 
control box at the end of a flexible 
cable, or on the control console 
behind the front seat. 


In response, the system sounds an 
alerting tone for 1.5 seconds, illum 
nates the proper bulb from each of 
two sets of four bulbs (figs. 1 and | 
located within view of two, one- 
frame-per-second cameras positionel 
to photograph the view through tht 
front and rear windows of the vehic? 
(fig. 3), and changes the slide in the 
projector. The slide is viewed on 
special projection screen located « 
the windshield (fig. 1). Its size, brigk-_ 
ness, and location simulate a highwa 
sign. Simultaneously, the latency 
timer is started and a visual event 
stimulus code is recorded. 
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Nhen the subject has seen and 
inderstood the visual stimulus, he or 
he terminates the stimulus by 
queezing the horn ring on the 
teering wheel of the vehicle. This 
emoves the slide (by changing to a 
lank), illuminates the subject re- 
ponse lamps in camera view, stops 
ne latency counter, electrically un- 
ycks the experimenter’s control box 
o that another command may be 
isued, and writes a subject response 
ode into the data record. 


udio stimulus 


udio stimuli are presented to the 
jubject when the experimenter 
resses the appropriate button. This 
litiates a 1%2 second alerting tone, 
arts the latency timer, illuminates the 
ppropriate front and rear bulbs, and 
arts an audio cassette recorder that 
lays through the vehicle’s radio 
kudspeaker and gives a verbal in- 
)ruction to the subject. If the subject 
oes not terminate the instruction, 
{Is automatically repeated as many 
mes as necessary. 


vhen the subject terminates the 
,lessage by squeezing the horn ring, 
jie latency counter stops, the front 
id rear light bulbs that indicate 
‘ibject response illuminate, and the 
dio output of the recorder is muted 
» the message is not repeated. The 
‘pe continues to run, however, 

, itil the beginning of the next series 
j audio messages. The stimulus 
f2mmand buttons are now 
activated. 


lata recording devices 


“ve -different recording instruments 
Ne used to allow the experimenter to 
“ecisely review the location, traffic, 
“jeather, road conditions, and other 


, ctors existing during the experiment. 


0 
Na\| 


i 
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Figure 4.—View with rear seat removed showing digital magnetic tape recorder (a), detail 





of control panel (b), fire extinguisher (c), two audio recorders (d), and parts storage box (e). 


These recording devices include a 
computer-compatible, 9-channel, 
reel-to-reel incremental digital mag- 
netic tape recorder (figs. 2 and 4). 
This records, for later analysis, all the 
experimental parameters previously 
described. 


Another recording device is a 20- 
column printer that provides an 
immediately readable record of the 
experiment’s progress (fig. 2). In this 
way, proper operation of all equip- 
ment and proper recording of all 
parameters can be ascertained before 
the run has been completed. The 
printer operates at a rate of one line 
per second and contains data that is 
identical to that placed on the 
magnetic tape recorder. 


In addition to the data recorders is an 
audio voice recorder. Its function is 
to record all comments made by the 
experimenter and the subject. This 
device provides both a convenient 
means for the experimenter to com- 
ment on any unusual occurrences 
and also a means for the experimenter 
to reconstruct a situation under which 
questionable results were obtained. 


Two 16 mm cameras operating at one 
frame per second are mounted on a 
table behind the front seat. Their 
fields of view are adjusted to photo- 
graph driving conditions in front of 
and behind the vehicle, as well as to 
record the condition of the four 
stimulus-response indicator lights. 
The frame advance rate is controlled 
by a clock generator located in the 
logic and control equipment so that 
each frame is keyed to all other data 
collected during the experimental 
run. 


Detailed Design Considerations 
Power 


Instrumenting a vehicle almost always 
involves problems of obtaining re- 
liable, spike-free primary power, 
usually at both 12 or 24 VDC and 115 
VAC, 60 Hz. Transistor technology 
and integrated circuitry have eased 
many of these problems by enabling 
much modern electrical equipment ° 
to be small and to consume little 
power. 








Figure 6.—View of trunk showing two 12-volt batteries (left), exhaust fan (bottom, center), 


sine-wave inverter (center), two battery chargers (top, right), and two-way radio (bottom, right). 


64 





However, certain items of electro- 
mechanical equipment such as pape 
chart recorders, slide projectors, and 
magnetic tape recorders contain 
motors and solenoids that require 
considerable power. 


In the vehicle described, the pulse 
cameras were designed for industrié 
or military use and require 24 VDC. 
The largest power drain in the vehicl 
is the slide projector which requires 
115 VAC for its motor and slide 
changing mechanism, and for its 
projection bulb. Although rather 
inefficient, this power drain is un-— 
avoidable since there is no adequat 
low-voltage bulb available for this 
projector. 


The line printer and the digital 

magnetic tape recorder also require 
generous amounts of good quality | 
AC power. This power is supplied 1/ 
a static (non-rotating) inverter havin: 
good waveform with satisfactory 
efficiency and good reliability. 


I 

















( 


A 1 kW inverter, as used here, opt 
ates more efficiently on 24 volts tha 
on 12 volts DC. Also, since the 
vehicle’s generator would not be alé 
to handle the entire electrical loa 
by itself, an additional 24-volt, 105 
ampere alternator was fitted into tb 
engine compartment (fig. 5). This” 
unit supplies current to two serie: 
connected 12-volt batteries locateci 
the vehicle’s trunk and connectew 
to the static inverter and the puls: 
cameras (fig. 6). 


Power drain in the vehicle can bes 
great that control is interlocked bya} 
relay through the vehicle’s ignitio | 
switch. This is intended to encouigd 
engine operation whenever equr} 
ment is operated. The control p.l@ 
permits monitoring of primary poe 

inverter output, and the energizir} | 
of each power-consuming elemenidi}, 
the instrumentation system. 


i 


September 1976 ¢ PUBLIC ROADS ' 


ectrical grounding system 


igh current drains by some of the 
w voltage equipment made it 
cessary to pay special attention to 
w voltage grounding. Both the 
-volt and the 24-volt alternator 
‘gative terminals were brought out 
the alternator frames. An effective 
igle-point ground was made by 
nning heavy bus wire from each 
ernator frame to a nearby chassis 
jint, and from there to power 
stribution points for the control 
nel and the inverter. No other con- 
ct with the vehicle’s chassis was 
nde for power return. 


ansducers 


‘e speed and distance transducer is 
ourchased unit attached to the 
pedometer cable with a “Y”’ fitting. 
‘is unit has an optical disc that 
‘duces a nominal 36,000 pulses per 
parent mile of travel as determined 

| the speedometer gearing, tire 
‘meter, and wheel slip. A thumb- 
/eel-adjusted correction circuit 
(npensates for tire size and wear in 
) distance reading, but no correc- 
n is available for the speed readout. 
‘tance is determined after dividing 
) transducer pulses by a nominal 
tor of 360, which gives 100 pulses 
( mile, and these results are 


¢ 
puayed and recorded. 


Hh a transducer providing 36,000 
ses per mile, speed is easily 
ieined by counting the number of 
ses occurring each second and 
playing this number as speed to 
. nearest 0.1 mph (0.16 km/h). The 
Yer-second read and reset pulses 


th this counter are supplied by a 
l 


i 











*ncy measurement 


‘ncy of subject response is 
isured simply by opening the gate 
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to a counter and allowing 100 kHz 
pulses from the clock to accumulate 
in it. Subject response closes the gate 
to the counter, which holds the count 
until completion of the next printing 
cycle. The counter is then zeroed in 
preparation for the next count. 


Desired outputs of the latency counter 
are sampled by the printer and the 
magnetic tape recorder once each 
second. The latency time following a 
stimulus will build at the rate of 1 
second per sample to a final peak 
value. This value is stored at the in- 
stant of the subject’s response, and 
the counter is reduced to zero when 
reset at the next clock time. 


Steering wheel and accelerator 
position 


Steering wheel and accelerator posi- 
tion data are generated from a 
conventional multiturn and a linear 
potentiometer that are attached, 
respectively, to the steering wheel 
shaft and the throttle linkage so that 
backlash and lost motion are mini- 
mized. The potentiometers are 
energized from regulated, filtered 
voltage. Their outputs are passed 
through an operational amplifier sig- 
nal conditioner that provides a low 
impedance output and allows for 
zero and full-scale adjustment. Using 
this circuit gives complete flexibility 
in the establishment of a zero-voltage 
point and scale adjustment to provide 
a 10-volt maximum signal. 


The operational amplifier outputs 

are fed into two digital panel meters 
which display transducer position 
and provide a digital output that is 
recorded on both the magnetic 
recorder and the line printer. The 
position transducer outputs are also 
fed to circuits that sense when a 
position voltage is increasing or de- 
creasing, thus detecting changes from 
one direction to the other (reversals). 
Each detected change in direction is 
stored in a counter from which data 
are recorded each second, after which 
the counter is reset to zero. 
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Brake applications 


Brake applications are detected by 
conditioning (low pass filtering and 
limiting) the voltage appearing on the 
brake light circuit. This permits each 
application to be counted, printed 
out, and erased in a manner similar to 
that used for steering wheel and 
accelerator position reversals. 


Conclusion 


After the equipment was built, it was 
tested in the electronics laboratory. 
All faulty components and errors in 
logic and wiring were corrected. The 
equipment was then installed in 

the vehicle along with cameras, trans- 
ducers, a two-way radio, a 24-volt 
alternator, a power distribution 
system, and an exhaust blower. 


Difficulties were anticipated in three 
general areas: (1) supply of primary 
power, (2) unreliability in the digital 
magnetic tape recorder, and (3) logic 
and data errors due to transients 
produced by the operation of electri- 
cal equipment within the vehicle. 
Fortunately, the only difficulty expe- 
rienced was transient pickup from 
such events as opening a door (light 
switch), or operating the turn signals, 
the horn, or certain other accessories. 
However, bypassing this equipment 
with capacitors and diodes overcame 
these difficulties. 


Along with this debugging, a detailed 
instruction manual for operating the 
system was prepared and informal 
training sessions held for personnel 
who were to operate the equipment. 
Virtually no maintenance has been 
necessary on the equipment. On the 
first sustained data collection program, 
the users reported a loss of only 10 
seconds of data after testing 60 
subjects for a period of Y2 hour each. 
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Flood damage caused by Hurricane Agnes in June 1972 at CHES 
Va. Note the pins remaining in place while the superstructure and 
roadway surface in the middle channel are lost. 


Introduction 


difficult problem facing the highway engineer is the 

design of highway stream crossing structures that 
minimize total cost while maximizing performance. The 
National Flood Insurance Program has added to this 
problem by requiring documentation of a structure’s 
hydraulic performance, which must comply with flood 
plain management regulations in areas designated as flood 
prone. In practice, engineers tend to comply with flood 
plain management regulations by sizing structures so that 
backwater will not exceed some arbitrary limit (for 
example, 6 in. or 0.15 m) for large floods that have very 
low probability of occurrence during the life of the project. 
Similarly, they tend to maximize operational efficiency 
by elevating highways so that there is a very low 
probability of traffic being interrupted by flood waters 
overtopping the highway. 


Although these practices have been generally accepted by 
the engineering profession and by the public, they can 
often lead to costly overdesign as a direct result of 
considering one design factor at the expense of others. 
The ability to pass a given design flood requires the 
overdesign of the structure in relation to all floods of a 
lesser magnitude. This also requires a considerable 
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Highway Stream Crossings: 


by Anthony J. Knepp, Ming T. Tseng, and J. Sterling Jones 


Benefit-Risk 
Analysis 
in the Design of 












additional investment in the initial construction costs for 
an event with a low probability of occurrence. The desig. 
of a structure with lower initial cost is counterbalanced J 
by increased damage repair and maintenance costs. 


This article is the first of two detailing results of a contrac 
“Evaluation of Flood Risk Factors in the Design of 
Highway Crossings,” funded by the Federal Highway 
Administration. The research effort described here 


of backwater and its resultant damages. A future artich}, 
will present a summary of the development and } 
application of a finite element solution to the problem } 
of backwater hydraulics. | 


The Benefit-Risk Concept 


Benefit-Risk is the evaluation of the total costs of an |}. 
alternative design, weighting those costs associated wit }. 
probable events by the event's chance of occurrence 
Figure 1 illustrates the concept of a Benefit-Risk Analyt 
as applied to bridges. The construction cost curve 
represents those fixed costs associated with building < },, 
bridge and the necessary approach roads and embank- 
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igure 1.—Conceptual sketch of risk analysis for bridges. 


|yents. Each point on the risk response curve represents a 
‘ummation of all those costs associated with floods of 
/nown return interval and weighted by the flood’s proba- 
ility of occurrence. Ideally, each flood capable of causing 
amage is included in this point. The objective is to 
evelop an estimate of the expected flood damages both 
» the bridge and upstream of the bridge for every flood 
kely to occur. This is done for each configuration of 
ridge length and embankment height under investigation. 
“he following costs are included in the risk curve: bridge 
“amage from inundation, embankment erosion and 
ridge pier scour, traffic related losses, and upstream 
"ooding losses. The total economic response (TER) curve 
_the sum of the two previous curves. It is the contention 
f the Benefit-Risk method that the minimum TER point, 

i shown in figure 1, represents the optimal design. 


ie 










1 ne Benefit-Risk concept has been applied to the problem 
il’ evaluating bridge design in wide, heavily vegetated 
0d plains. The computer model developed, ‘‘RISK,”’ 
ies input economic, hydraulic, and hydrologic data to 
mulate flow and resultant damages according to the 
snefit-Risk method. (7)! Output of the model allows the 


JBLIC ROADS e Vol. 40, No. 2 67 


1 ft=0.305 m 


TER (TOTAL ECONOMIC RESPONSE) 


@ 1000’ 


Ve oe BRIDGE OPENING 





CURRENT DESIGN 


OPTIMUM DESIGN 





o 
~¢ 
Ww 
& 
3 
is) 
) 
22) 
wi 
Oo 
Fa 
{e) 
a 
7) 
Ww 
a 
SS 
= 
(e) 
ez 
(2) 
S) 
Ww 


NOTES 
(1) CONSTRUCTION COST &RISK RESPONSE 
CURVES HAVE BEEN OMITTED 
FOR CLARITY BUT THERE IS A SET 
FOR EACH TER CURVE AS 
SHOWN IN FIG. 1 
(2) COST DATA BASED ON 7% ANN 
INTEREST & 100YR. SERVICE LIFE 
LEGEND 
@ DATA EROM RISK MODEL RUNS 
A, DATA BASED ON TRENDS FROM 
ACTUAL RUNS 








\i 
315 





EMBANKMENT ELEVATION (FT) 





Figure 2.—Sample risk analysis for a highway stream crossing near 
Tallahalla, Miss. 


evaluation of the economic response (cost) of a series of 
design alternatives. Figure 1 shows the TER for a series 
of approach embankment elevations for a single bridge 
opening. Similar TER curves should be plotted for each 

of several alternate bridge openings to determine the 
optimum combination of bridge opening and embank- 
ment elevation. The optimum combination of the two 
variables is defined by the minimum point on the lowest 
TER curve when several curves are plotted. 


Example Problem 


To illustrate the Benefit-Risk Analysis concept, an example 
analysis was made for a highway stream crossing near 
Tallahalla, Miss. The example analysis is based on 
representative hydrologic, hydraulic, and traffic data for 
the Tallahalla site, and on construction costs averaged 
from a large number of Federal-aid bridges. 


‘Italic numbers in parentheses identify the references on page 69. 








The Risk model was run for several alternate designs 
including the existing bridge design—a 500-ft (152 m) 
bridge length and a 315-ft (96 m) embankment elevation. 
The alternatives included bridge lengths of 1,000, 500, 
and 300 ft (305, 152, and 91 m) and embankment 
elevations of 310, 315, and 320 ft (94, 96, and 98 m). The 
model results (7) are plotted in figure 2 which illustrates 
that the optimal design configuration, among those 
modeled, is a bridge length of 300 ft (91 m) with an 
embankment elevation of 315 ft (96 m). The optimal 
configuration has a total economic response of $20,000 
per year less than the existing bridge configuration. 


Most designers are accustomed to relating design criteria 
to some flood return interval. Figure 3 illustrates the 
return interval associated with one of the elements of 
design (overtopping of the highway) that is inherent to 
the Benefit-Risk Analysis. As shown in figure 3 the existing 
bridge configuration at the Tallahalla site will be 
overtopped with a 65-year return interval flood, whereas 
the optimal design configuration based on the Benefit- 
Risk Analysis would allow the highway to be overtopped 
with a 50-year flood. Benefit-Risk Analysis does not deal 
with a single design flood event; rather it deals with all 
the expected floods weighted by their probability of 
occurrence. Benefit-Risk Analysis allows the flood return 
interval associated with various failure modes, such as 
overtopping of the highway, to be a floating variable; 
traditional design methods use a predetermined return 
interval flood to design the bridge configuration. 


Related Research 


Benefit-Risk Analysis was also applied to the optimum 
design of box culverts. (2) The 22 test sites used in this 
study were largely in rural settings where the analysis 
indicated that optimum design would have resulted in 
structures smaller than those actually constructed. The 
opposite finding can be anticipated for many urban sites 
due to the high risks associated with heavy traffic flows 
and highly developed commercial and industrial 
properties. 


In the application of Benefit-Risk Analysis to stream 
crossings, hydraulic behavior was simulated by solving the 
applicable flow equations using a finite element solution 
technique. (3) The Finite Element Model (FEM) provides 
estimates of velocity and depth at locations across the 
flood plain both upstream and downstream of the 
construction. The model, with user supplied input, 
provides a grid which indicates the accuracy of the 
solution at various locations. Each element of the grid 
allows the use of individual roughness configurations 
and ground slopes, thus affecting the conveyance of each 
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Figure 3.—Optimum design related to flood return intervals for a 
highway stream crossing near Tallahalla, Miss. 


model segment. Also the model is capable of estimating 
the amount of overtopping at specified embankment 
elevations. 


Extensive flume studies of backwater behavior were 
conducted to provide information needed to validate the 
FEM. These data (4, 5)? will provide a basis for possible 
future development and updating of present backwater 
estimation methods. A constant-slope flume of approxi- 
mately 20 by 125 ft (6 by 38 m) was used to test nearly 
200 various opening, flow, and physical model 
configurations. Abutment shapes included wingwall, 
spillthrough, and both logarithmic and elliptical spurdikes. 
An important feature of these studies is that different 
roughness densities were used to better simulate the 
effects of main channel and flood plain roughness on the 
location and magnitude of the maximum backwater. 
Prototype conditions used for design of the flume study 
were derived from the average of data recorded by the 
U.S. Geological Survey and reported in Hydraulic Design 
Series No. 1. (6) 


Summary 


This work provides the highway engineer with the 
necessary tools to evaluate a complex problem. It allows 
him to investigate the various combinations of structure 


* “Evaluation of Flood Risk Factors in the Design of Highway Stream 
Crossings. Volume II—Analysis of Bridge Backwater Experiments,” 
Report No. FHWA-RD-75-52 by Water Resources Engineers, Inc., for 
the Federal Highway Administration. Not yet published. 





September 1976 © PUBLIC ROADS : 


sizes, their initial costs, and their expected flood damage 
costs. These can be taken together to provide an 
efficient method for allocating funds for highway stream 
crossing construction by replacing the concept of a design 
flood with the efficient use of hydrologic information and 
probabilities of occurrence, and by evaluating economic 
response to imposed hydraulic conditions. Thus a 
rigorous analysis of the hydrology and economics of the 
situation allows an optimal solution to the problem of 
backwater caused by highway crossing structures. 


FHWA-RD-75-49, Federal Highway Administration, Washington, D.C., 
August 1974. 


(3) M. T. Tseng, ‘Evaluation of Flood Risk Factors in the Design of 
Highway Stream Crossings. Volume III—Finite Element Model for 
Bridge Backwater Computations,’’ Report No. FHWA-RD-75-53, 
Federal Highway Administration, Washington, D.C., April 1975. 


(4) M. T. Tseng, G. K. Young, and M. R. Childrey, “Evaluation of Flood 
Risk Factors in the Design of Highway Stream Crossings. Volume I— 
Experimental Determination of Channel Resistance for Large Scale 
Roughness,’”’ Report No. FHWA-RD-75-51, Federal Highway Adminis- 
tration, Washington, D.C., August 1974. 





(2) G. K. Young and M. R. Childrey, “Impact of Economic Risks on Box 
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New 
Publications 


Federal Motor Carrier Safety Regu- 
lations provides, in one publication, 
the applicable motor carrier safety 
regulations for motor carriers 
operating in interstate or foreign 
commerce. This is a revised issue of 
the regulations, including amend- 
ments through October 1, 1975, parts 


Factors in the Design of Highway Stream Crossings. Volume V—Data 
Report on Spur Dike Experiments,’’ Report No. FHWA-RD-75-55, 
Federal Highway Administration, Washington, D.C., August 1975. 


(6) “Hydraulic Design Series. No. 1—Hydraulics of Bridge Waterways,”’ 
Federal Highway Administration, Washington, D.C., 1970. 


390 through 397. There are sections 
on qualifications of drivers; driving 

of motor vehicles; parts and acces- 
sories necessary for safe operation; 
notification, reporting, and recording 
of accidents; hours of service of 
drivers; inspection and maintenance; 
and driving and parking rules when 
transporting hazardous materials. 


This publication may be purchased for 
$1.80 from the Superintendent of 
Documents, U.S. Government Print- 
ing Office, Washington, D.C. 20402 
(Stock No. 050—004—00020-1). 
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An Introduction to Urban Develop- 
ment Models and Guidelines for Their 
Use in Urban Transportation Planning 
focuses on the urban development 
model as an operational tool in the 
urban transportation process. The 
basic purposes are to provide (1) a 
general background on the develop- 
ment and use of urban development 
models, (2) an understanding of the 
basic principles involved and their 
operational characteristics, (3) an 
ability to make enlightened decisions 
on the evaluation and choice of a 
model, and (4) information on the 
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practical application of the models. 
Although the urban development 
model is suitable for many applica- 
tions in comprehensive planning, 
research, and other areas, this report 
deals primarily with those models 
and the aspects of the models that 
are of concern in urban transportation 
planning. 


This publication may be purchased for 
$2.80 from the Superintendent of 
Documents, U.S. Government Printing 
Office, Washington, D.C. 20402 
(Stock No. 050—001—00108-0). 











Analysis 
and Remedies of 


Freeway Traffic Disturbances 





Figure 1.—Freeway traffic congestion 
caused by overturned vehicle. 


by Samuel C. Tignor 


One of the research projects in the Federally Coordinated 
Program of Research and Development (FCP) is Project 
1C, “Analysis and Remedies of Freeway Traffic 
Disturbances.” It is concerned with the planning, design, 
and operation of traffic responsive incident management 
systems. It also deals with developing guidelines for 
detecting, locating, and clearing freeway incidents more 
rapidly, resulting in less delay and fewer chain collisions. 


This article describes Project 1C, which is scheduled for 
completion in 1979. 


Introduction 


he construction of the interstate highway system and 
T the increased use of motor vehicles has focused 
attention on highway operation problems which 
urgently need solving. Many people recognize that 
because of the over 1 million miles of existing primary and 
secondary highways, the present level of highway safety 
and environmental compatibility and the huge outlays 
for maintenance of pavements and bridges are necessary. 
In the future, the highway industry must place more 
emphasis on the development of greater efficiency, 
safety, and community compatibility in the existing 
highway systems. 
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The Federally Coordinated Program of Research and 
Development (FCP), adopted by the Federal Highway 
Administration (FHWA), Offices of Research and Develop-' 
ment, is a comprehensive, flexible research program 
designed to solve today’s major highway transportation 


problems. (1)' One problem area within the FCP is 


; 


Project 1C, “Analysis and Remedies of Freeway Traffic ~ 
Disturbances.” (2) This article describes the organization ~ 
and goals of Project 1C. 


Research Need 


Project 1C is oriented toward planning, design, and 
operation of traffic responsive incident management 
systems. The development of quicker, more accurate 
methods to detect and locate freeway incidents will 
result in a faster response to the scene of breakdowns an¢ 
accidents, prompt removal of obstructions from the 
highway, and more efficient control of the situation 
(fig. 1). 






It is estimated that in the United States motorists lose 75 
million vehicle-hours per year waiting for freeway 





‘Italic numbers in parentheses identify the references on page 77. 


September 1976 ¢ PUBLIC ROADS 


incidents to be cleared. (3) This results in an annual waste 
of approximately 400 million gallons of fuel from idling 
motors at accident sites. Approximately one-half of the 
delay on urban freeways is caused by unexpected incidents 
such as spilled loads, collisions, and stalled vehicles 


\fig. 2). (4)? 


The problem is further illustrated by approximately 2 
‘nillion accidents reported each year on urban freeways. 
Of these, 41,000 are caused by vehicles already in the 
oadway. (3) Nearly 11 percent of the accidents involve 
chain collisions. California accident studies show that 
he accident rate in Los Angeles, where freeway sur- 
veillance and control have been installed, is down 50 
yercent. (4) On the Gulf Freeway in Houston, which also 
jas freeway surveillance and control, accidents went 
rom 145 a year to 75, a reduction of 48 percent. (5) 


esearch has shown that the loss of a freeway lane 
ecause of a blockage results in traffic flow loss in more 
nan one lane. For example, the Texas Transportation 
“stitute found that loss of one lane of a three-lane or 
-our-lane section of freeway reduces traffic flow by 50 and 
3 percent, respectively. (6) 


_jisabled or stopped vehicles also cause freeway lane 
lockages. A California study showed that one vehicle 
op occurs every 18,000 vehicle-miles (28,800 km) for 
arious reasons, such as map reading, mechanical 
roblems, and driver desire. One vehicle stop occurs only 

y very 26,000 vehicle-miles (41,600 km) due to mechanical 
isablement. (7) 


fl 


‘Developing an Effective Freeway Traffic Management System for 
9s Angeles,” by W. Schaefer and J. West, California Division of High- 
‘ays. A report presented in a joint session of two AASHO committees: 
i Ommunication and Electronics Committee and Traffic Committee, 

bv. 10, 1970, Houston, Tex. 





71, “lire 2.—Removal of debris on the roadway can cause traffic con- 
3¢tion and delay. 
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About 34 percent of the disablements are due to 
mechanical breakdowns. Flat tires (27 percent) are next, 
followed by fuel depletion (13 percent), overheating (10 
percent), electrical system (7 percent), and other problems 
(9 percent).* 


The importance of freeway traffic management and control 
is widely recognized. In the 1973 Highway Act Congress 
sought means for encouraging greater citizen participation 
in the programs emphasizing accident detection, 
response, and reporting. (8) The Transportation Research 
Board’s Freeway Operations Committee recently gave 
traffic management and control top priority out of 20 
problems needing research. (9) 


Approach to Problem 


Regardless of the kind of incident management system, 
some form of freeway surveillance is needed. This may 
be provided by loop detectors, police, telephone, call 
boxes, service patrols (fig. 3), or possibly citizens’ band 
radios. Once an incident has been detected and confirmed 
(not a false alarm), some form of incident management 
strategy must be employed. The type of corrective 
measure used depends on the type and seriousness of the 
incident and the kind of controls available for maintaining 
freeway flow. Typically, the incident is removed and 
where surveillance and control systems are in operation, 
restrictive ramp metering or route diversion may be used. 
The corrective measure selected should restore the 
freeway to normal operations as soon as possible. 


® “Surveillance and Control for Incidents on Chicago Area Freeways,” 
by J. M. McDermott. Presented at the Transportation Research Board's 
Mid-Year Meeting, Jacksonville, Fla., Aug. 5-7, 1974. 





Figure 3.—Motorist service patrols deter congestion by quickly remov- 
ing stranded vehicles from the roadway. 











To minimize delay and disruption of traffic, incident 
management strategies can make good use of preplanned, 
stand-by procedures. Interagency and jurisdictional 
agreements can be preplanned and formulated to define 
the roles and responsibilities of individual agencies. 
Electronic surveillance systems can be used along 
sections of freeway or at selected points experiencing 
recurring trouble. Ramp control options can be planned to 
preregulate flow according to the seriousness of the 
freeway incident. 


The basis of Project 1C is to formulate and test methods 
for maintaining stable traffic flow conditions on high 
demand freeways and to minimize the seriousness, 
inconvenience, and duration of freeway incidents. 


Major research efforts are represented in four tasks: 


® Freeway Traffic Modeling—Existing simulations will be 
adapted and modified to permit the study of control 
strategies used with incident detection algorithms. 
Methodology for proper validation of the models will 
also be developed. 


® Freeway Control Experimentation—This task includes 
three sequential steps: (1) select one or more sites for 
evaluating freeway incident remedial concepts, (2) develop 
software and hardware specifications for implementing 
incident management concepts, and (3) experimentally 
test concepts on freeway site(s). 


™ Strategies and Criteria for Their Use—This task provides 
for development of computerized incident detection 
algorithms based on time serial changes of traffic 
parameters. It also provides for development of incident 
management concepts using techniques such as variable 
message signing, roadside radio communication, service 
patrols, and other methods of surveillance and incident 
management. 


=" Human Factors—This task incorporates the following: 
(1) analysis of human factor requirements for incident 
management, (2) development of information displays, 
(3) evaluation of information displays, and (4) recom- 
mendations for the design of signs—both onsite and 
portable—to be used with incident management systems. 


The FCP approach encourages the coordinated use of 
multisource funds. Consequently, Project 1C studies are 
supported by administrative contract, FHWA staff research 
and development, Highway Planning and Research 
(HP&R), National Cooperative Highway Research Program 
(NCHRP), and, in special situations, construction funds. 
A major requirement of the project is to marshal these 
resources into a successfully coordinated research 
program. 


r i 





Table 1.—Projected completion dates for individual studies 
Projected 








Study Type completion date 
Freeway Traffic Modeling, Task I 
Parameter Estimates from Detector Data HP&R Completed 
Analysis of Lane Blockage for Freeway Contract Completed 


Traffic Control 


Adaptation of a Freeway Simulation 
Model 


Contract February 1977 


Freeway Control Experimentation, Task 2 















Field Test and Evaluation of Improved HP&R July 1977 
Detection Algorithms 

Alternative Surveillance Concepts and Contract February 1977 
Methods | 

Evaluation of Alternative Surveillance HP&R September 197 
Methods : 

Design Guides for Incident Detection Planned November 197 
and Management Systems Contract 

Development and Evaluation of On- HP&R September 197 


Freeway Traffic Control Systems and 
Surveillance Techniques 


Strategies and Criteria for Their Use, Task 3 


Data for Development of Incident Contract September 197 
Detection Algorithms | 

Development and Testing of Incident Contract Completed 
Detection Algorithms 

Study of Traffic Flow on a Restricted HP&R September 19% 
Facility 

Design and Operation of Ramp Control NCHRP Completed 
Projects 

Development and Testing of Control Planned March 1978 
Strategies for Freeway Incident Contract 
Management 

Optimal Design and Operation of Free- Contract Completed 
way Incident Service Systems 

Human Factors, Task 4 

Human Factors for Real-Time Motorist Contract May 1977 
Information Systems 

An Effective Warning Information HP&R September 19 


System for the Motorist 


Individual Studies Within Project 1C 


Each task is composed of individual study efforts whic 
will help develop system recommendations and design 
guides. Table 1 and the following paragraphs describe t 
major studies within each task and their projected 
completion date. 


Freeway Traffic Modeling (Task 1) 


Parameter Estimates for Detector Data. This completec 
study evaluated techniques for estimating traffic 
parameters such as density, speed, and total travel tim 
from presence detector data. (10) Procedures are given | 
determining the relationship between occupancy and 
density, frequently known as the G-factor. 


Analysis of Lane Blockages for Freeway Traffic Control 
study was completed which analytically described traff 
density buildup following a lane blockage on a four-lan 
freeway under light traffic conditions. A system of 
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differential equations was developed and solved. The 
formulation allowed for both upstream and downstream 
traveling waves from the location of lane blockage. 
fil, 12) 


Adaptation of a Freeway Simulation Model. A freeway 
simulation model, coded in FORTRAN, is being developed 
for the study of freeway control strategies and incident 
detection algorithms. The model will provide for roadway 
geometrics such as lane drops, lane additions, on and 
off ramps with variable spacings, auxiliary lanes, and 
horizontal and vertical curves as found on freeways. The 
model, when completed, will be operable in the range 
of 0 to 2,200 vph per lane for 4- to 10-lane freeways. 
Model outputs will include vehicle delay, exhaust 
emissions, and fuel consumption. 


Freeway Control Experimentation (Task 2) 


Field Test and Evaluation of Improved Detection 
Algorithms. This HP&R research will permit State freeway 
surveillance and control systems to measure and evaluate 
the effectiveness of the new incident detection 
algorithms relative to traffic, geometric, and environmental 
conditions. Since State organizations will be the ultimate 
users of the research, their findings and recommendations 
are expected to be invaluable. The Illinois Department 
of Transportation is presently evaluating, in an HP&R 
research study, new incident detection algorithms. 


_ Alternative Surveillance Concepts and Methods. This 
_ ongoing research study concerns identifying and 


) developing low cost incident management systems for 


responding to freeway disturbances. The systems to be 
developed are expected to have particular application for 
small, urban traffic departments with limited financial 


,. resources. Emphasis is being placed on development of 


, the following: preplanning response techniques; 
candidate jurisdictional agreements; surveillance inputs 
and networks; communication links to and from a 
management control center; candidate response systems; 
_ traffic operational procedures for site management; and 
new techniques which can be easily implemented and 

_ used. Overall guidelines and recommendations will be 


se documented for four management systems each 


representing a different level of investment. 


Evaluation of Alternative Surveillance Methods. This 
proposed HP&R study will provide for the testing and 
evaluation of low cost incident surveillance concepts and 
methods. At least one of the four management methods 


recommendations for large-scale implementation 
provided. 


Design Guides for Incident Detection and Management 
Systems. This study will be the last phase of research 
under Project 1C. It will integrate findings from the 
algorithms and control strategy developments, roadside 
audio and visual signing requirements, alternative 
surveillance concepts, and roadside service components 
of an incident management system. This effort will 
delineate and document the communication and hardware 
requirements necessary to implement typical incident 
management systems. Functional hardware and software 
specifications and typical installation and operation plans 
will be documented. 


FIREWORKS 
) BEST ROUTE 


CLEARANCE 14 Fr 4 in 





Figure 4.—Experimental trailer mounted motorist information sign used 
in a Texas research study. 


Development and Evaluation of On-Freeway Traffic 
Control Systems and Surveillance Techniques. In this 
HP&R research study, the use of an on-freeway lane 
closure system will be evaluated in Houston, Tex., by the 
Texas Transportation Institute for the Texas Highway 
Department. The purpose of the system is to adjust on a 
real-time basis the capacity of a freeway-to-freeway 
merge area so as to: improve the traffic operations within 
an interchange experiencing extensive peak-period 
congestion. 


Other study phases emphasize (1) development of motorist 
information systems for use on elevated freeways, 
causeways, and tunnels, and (2) evaluating the cost and 
effectiveness of closed-circuit television to survey traffic 
operations over large freeway networks. An example of 
a roadside motorist information system, which is being 
evaluated by Texas Transportation Institute, is shown in 








i developed under the study Alternative Surveillance 
7 Concepts and Methods will be implemented and eval- 


| Uated. A cost-effectiveness analysis will be performed and 


yf 
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Strategies and Criteria for Their Use (Task 3) 


Data for Development of Incident Detection Algorithms. 
This study has provided freeway data sets of 150 
incidents and 50 nonincidents from the 42-mile (67 km) 
Los Angeles surveillance and control system. An 
additional 85 data sets will be obtained from closely 
spaced (600 feet, 183 m) detectors located on a 1-mile 
(1.6 km) northbound section of the San Diego Freeway. 
All of the vehicle detector crossings will be stored on 
magnetic tape. 


Development and Testing of Incident Detection 
Algorithms. In this completed study the effectiveness of 
presently available incident detection algorithms for 
medium and heavy traffic flow conditions was evaluated 
and new algorithms were developed. (13) The effect of 
sensor configuration, geometrics, and weather conditions 
was also evaluated. Other study reports have been 
published on detecting freeway incidents under low 
volume traffic conditions. (14, 15) 


Study of Traffic Flow on a Restricted Facility. This Maryland 
HP&R study concerns traffic flow improvements for 
tunnels and other restricted facilities. Research will be 
conducted and recommendations made relative to the 
location and type of upstream traffic controls, toll plaza 
operations, and within-tunnel operations and control 
systems. (76) 


Design and Operation of Ramp Control Projects. In this 
NCHRP study, design guidelines and recommendations 
were developed for ramp control systems. Emphasis is 
placed on integration of electronic hardware, system 
control logic, and specifications for optimum throughput, 
and development of system specifications which permit 
follow-up system improvements such as real-time 
surveillance and control. 


Development and Testing of Control Strategies for 
Freeway Incident Management. Most ramp control 
systems are not coordinated with incident detection 
algorithms and thus ramp control is not implemented 
except during peak traffic periods. This proposed research 
will develop and evaluate ramp control strategies that 
can be implemented when freeway incidents occur. 
Recommendations will be developed for conditions when 
the various control strategies should be used. 


Optimal Design and Operation of Freeway Incident 
Service Systems. This completed research study provides 
procedures for (1) designing freeway emergency vehicle 
service systems, and (2) developing systems for managing 
freeway disturbances using cost-effectiveness techniques. 
Various approaches are considered for providing real- 
time control during freeway disturbances. (17) 
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Figure 5.—A variable message sign system being evaluated in 
California. 


Human Factors (Task 4) 


Human Factors for Real-Time Motorist Information 
Systems. For an incident management system to be 
effective, methods must be available to communicate 
information to drivers. A critical problem in this task is to 
determine the kind of information that should be 
reported to drivers and how it should be presented. In 
this research, a series of variables pertaining to the 
understanding and efficiency of audio and visual messages 
is being evaluated for use during freeway incidents. 
Design specifications and recommendations will be made 
for information content, format, placement, quantity, 
and redundancy. Instrumented vehicles, laboratory 
investigations, and traffic evaluation methods are being 
used in the research studies. 


An Effective Warning and Information System for the 
Motorist. An HP&R analysis is being performed by the 
California Department of Transportation on the Los 
Angeles freeway surveillance and control system for 
developing motorist information systems. (178) The 
motorist’s desire for current traffic information is being 
evaluated relative to changeable message signs, roadside 
radio, and commercial radio information broadcasts 
(fig. 5). The effect of each type of information media on 
delay, accidents, and driver aggravation is being 
considered. 


Recent Important Achievements 


Major achievements have been made recently in freeway | 
management, control, and operation. These include 
(1) the expansion or implementation of surveillance and 


— 
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Figure 6.—Current traffic information is transmitted to local radio and 
television stations from the Chicago surveillance control center. 





‘igure 7.—The traffic surveillance board used in monitoring the 42-mile 
os Angeles control system. 


30ntrol systems which incorporate incident detection, 
2) development of preplanned incident management 
nethods, and (3) off-freeway accident investigation sites. 


This section will briefly discuss these new activities. 
‘arlier freeway surveillance and control techniques are 
liscussed by Everall in his report ‘‘Urban Freeway 
surveillance and Control.” (19) 


\ continuing effort is being made to expand some of the 
‘stablished surveillance and control systems. For 
Xample, the Illinois Department of Transportation 
'perates the Chicago Area Expressway Surveillance 
'roject which, with over 1,300 detector locations, provides 
urveillance on 196 directional miles (315 directional 


ilometers) of expressway. This coverage involves eight 





“Surveillance and Control for Incidents on Chicago Area Freeways,” 
y J. M. McDermott. Presented at the Transportation Research Board’s 
\id-Year Meeting, Jacksonville, Fla., Aug. 5-7, 1974. 

| 
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Figure 8.—The Minneapolis traffic surveillance control center. 





major expressways on a network that handles up to 
267,000 vehicles per day in some sections. A total of 
48 Oon-ramps are equipped to meter traffic. The control 
center also provides real-time computer generated traffic 
information via a teleprinter to Chicago area radio and 
television stations to advise drivers of traffic situations 
(fig. 6). 


The California Department of Transportation has also 
enlarged the 42-mile (68 km) Los Angeles Area Freeway 
Surveillance and Control System. (4, 20) It includes 
segments of three major freeways carrying as many as 
240,000 vehicles per day in some sections (fig. 7). A total 
of 20 on-ramps meter vehicles in traffic responsive 
modes; an additional 32 ramps are metered in fixed-time 
control. Some metered ramps have priority lanes for 
buses and carpools. As in Chicago, traffic information is 
provided by the control center to Los Angeles area radio 
and television stations via a teleprinter. Tests are being 
made on the effectiveness of 35 real-time variable 
message driver information signs located in the median 
about every 4,000 feet (1,220 m). (4, 78) 


One of the newest traffic surveillance and control systems 
is in Minneapolis. (27) It oversees traffic operations on 
sections of I-94 and I-35W which handle an average 
daily traffic (ADT) of 130,000. The major system com- 
ponents provide for the metering of 37 ramps, operation 
of 5 real-time changeable message signs, over 300 
computerized induction loop detectors for use in locating 
freeway incidents, and 24 closed-circuit television cameras 
for incident confirmation (fig. 8). 





Table 2.—Freeway Surveillance and Control Systems 





Total freeway Number of Number of 























directional TV ramps variable 
Location miles cameras controlled message signs 
Chicago, Ill. 196 None 48 ramps None 
metered 
Cincinnati, Ohio 5) 6 None 19 
Dallas, Tex. 20 9 34 3 rotating 
drums on 
surface streets 
Denver, Colo. 16% None None 4 
Houston, Tex. 1 6% 12 9 3 
s110 0 20 0 
Los Angeles, Calif. 84 None sy? 335) 





Minneapolis/ 
St. Paul, Minn. SM 24 40 8 


‘Gulf Freeway (Prior to 1975-76 Reconstruction). 1 mile=1.6 km 
* Southwest Freeway, U.S. 59. 








In the modern Minneapolis system, all communication and 
telemetry equipment is located on the floor under the 
control center. This arrangement provides improved 
system flexibility and operation. Project emphasis is on 
developing high transit level service. by providing express 
bus priority access to the freeway, rapid detection of 
incidents, and communication of freeway traffic conditions 
to transit officials. 


Other freeway control systems have been expanded or 
implemented. Table 2 identifies these facilities and 
summarizes their major features. 


Traffic delay caused by freeway incidents can be 
minimized by preplanned incident management methods. 
Such plans can be exercised to rapidly restore the free- 
way to its normal operation. The California Department 
of Transportation has developed an incident response 
team for use when major freeway incidents occur.® The 
procedure involves developing alternate routes for the 
temporary bypass of an incident blocking two or more 
lanes of a four-lane, one-direction freeway. The incident 
response team sets up a command post where 
operations for police, fire, and maintenance units are 
coordinated to restore freeway traffic operations. 


The 10-man response team uses three alternate route 
signing vehicles and three variable message sign trucks, 
four communication vehicles, and special signs that can 


* “Alternate Routes are Recommended,” by D. H. Roper, California 
Division of Highways. A report presented to the Highway Research 
Board, Freeway Operations Committee, Columbus, Ohio, June 27, 
1923; 
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Figure 9.—Traffic messages are quickly developed with fabric signs 
used by the California incident response teams. 


be mounted temporarily on existing poles or special 
stands. Both metal and fabric signs are used (fig. 9). The 
response team has responded to about 10 major incidents 
per month since October 1972. The average monthly 
delay of these major incidents is about 17,000 vehicle- 
hours, which is about 15 percent less than before the 
response teams were organized. 


Freeway accidents can also lead to slowdowns brought on 
by gawking motorists. To overcome this, a new 
technique, known as off-freeway accident investigation, 
was developed under an HP&R study by the Texas 
Transportation Institute for the Texas Highway Depart- 
ment. It stresses removal of the affected vehicles before 
accident investigations are made. (22) Interviews and 


investigation forms are completed away from the freeway. — 


Typical sites may be unused land under a freeway 
overpass, some other unused right-of-way, or lightly 
traveled city streets or service roads. The amount of 
freeway congestion and delay caused by an accident 
depends on the length of time the vehicles involved 
block a lane or are visible to other motorists. An average 
of 25 minutes is required for completing minor accident 
investigations. Reduction in delay, through employment 
of 93 off-freeway accident investigation sites, along the 
Gulf Freeway in Houston in 1971 and 1972, was about 
29,250 vehicle-hours. Secondary accidents were reduced 
by approximately 21 percent. The average installation 
cost of each investigation site was about $2,500. The 
benefit to cost ratio was determined to be greater than 
28.10 1 


Concluding Project Phases 


Numerous studies are included in Project 1C> ltts 
desirable to fully test and evaluate each individual 
research study component. As noted, some of the | 
individual studies are followed by HP&R evaluations for | 
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the purpose of obtaining early State experience and 
recommendations since the States are the ultimate users of 
the research. 






t is also desirable to evaluate the overall effectiveness of 
the Project 1C freeway management concepts on an 
ntegrated basis. Field tests and evaluations are expected 
-o be conducted in conjunction with the planned 
ntegrated Motorist Information System (IMIS) demonstra- 
‘ion (23) to be located on Long Island, N.Y. It is part of 
“CP Project 2C, ‘Requirements for Alternate Routing to 
Distribute Traffic Between and Around Cities,’ and is 
ntended to be operational by 1981. 


| 

“he Implementation Division of FHWA’s Office of 
Jevelopment is the coordinator of the implementation 
ohase of Project 1C. This phase will emphasize develop- 
nent and distribution of special user documents to assist 

| n implementing many of the results from the previously 
lescribed studies. All research developments of Project 
C are scheduled for completion by 1979. 
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Highway Design for Motor Vehicles— 


A Historical Review 


Part 7: The Evolution 


of Highway Grade Design by: Frederick w. cron 


This. is the seventh in a series of eight 
historical articles tracing the evolution 
of present highway design practices 
-and standards in the United States. 
The Introduction and Part 1: The 
Beginnings of Traffic Measurement 
were published in vol. 38, No. 3, 


Bes, December 1974. Part 2: The Begin- 


nings of Traffic Research was 
published in vol. 38, No. 4, March 
1975. Part 3: The Interaction of the 
Driver, the Vehicle, and the Highway 
was published in vol. 39, No. 2, 
September 1975, Part 4: The Vehicle- 
Carrying Capacity of the Highway 
was published in vol. 39, No. 3, 
December 1975. Part 5: The Dynamics 
of Highway Curvature was published 
in vol. 39, No. 4, March 1976. Part 6: 
Development of a Rational System 
of Geometric Design was published in 
vol. 40, No. 1, June 1976. Part 8: The 
Evolution of Highway Standards is 
to be published in a future issue. 


Early Studies of Road Grades 


he systematic study of road grades 
began in the early 19th century, 

_ coincident with the surfacing with 

ry Colatcme) im tatcm olelacell or-limcey-(olM [am f0] ge) ol- 

and England. Prior to this surfacing, 
the loads that could be hauled on the 
highways depended more on the 

condition of the road surface than 

on its gradient. Often, the most 

difficult sections to traverse were the 


* Frederick W. Cron’s biography appeared 
with part 1 of his article in vol. 38, No. 3, 
December 1974. 


Koy gam eXeXelahvamele-Uint-re Pam (NZ) MUL 
sections where the road might be a 
rutted quagmire, while the steeper, 
better drained sections were naturally 
easier to travel. When the roads were 
graded and surfaced, the reverse 
became true, focusing unfavorable 
attention on the hills. | ° 


About 1835, John Macneill, a Scots- 
man, made a recording dynamometer 
with which he could measure the 
tractive effort required to draw a 
load over road surfaces of varying 
roughness and gradient. This was a 


powerful spring balance operating in’ 


a cylinder filled with oil which was 
placed between the test vehicle and 
the team supplying the traction. 
With this machine, Macneill measured 
the pull exerted by the team in 
drawing a 2,400-pound wagon over 
various level roads as follows: 


@ Gravel road on earth foundation— 
147 Ibs or 1/16 of the gross load. 


= Broken stone road on earth 
foundation—65 Ibs or 1/36 of the 
gross load. 
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= Broken stone on paved foundation 
—46 Ibs or 1/51 of the gross load. 


= Well-made pavement—33 Ibs or 
1/71 of the gross load. 


= Best stone trackways—12 1/2 Ibs 
or 1/179 of the gross load. (1)? 


Other investigators of the period— 
notably Parnell in England, and 
Poncelet and Morin in France— 
found that the traction or effort 
required to pull a vehicle on a road 
depended not only on the nature of 
the road surface, but also on the 
diameter of the vehicle wheel, the 
width of tire, and to a slight extent 
on the velocity of travel, being greate 
for vehicles drawn at a trot than at 
a walk. (1) This last may be -the first 
measurement of vehicular wind 
resistance. 


* Italic numbers in parentheses identify the 
references on page 86. 
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To draw the test wagon up a grade ? 
an extra effort was required, which, 
as was already well known from the 
laws of mechanics, depended on 

the steepness of the gradient and 
the weight of the load, and could be 
figured by the formula: 


F Ww 


Where, 
F—Force exerted parallel to the 
road surface. 
W=Weight of the wagon and its 
load. 
h=Rise through which the wagon 
is raised. 
!—Distance measured on the road 
surface corresponding to the 
rise h. 
Thus, if friction and road resistance 
are disregarded, the force required to 
pull a wagon up a 1 in 20 gradient 
(or to keep it from rolling down the 
) | slope) would be 1/20 of the weight 
of the wagon and its load. 


In the era of animal power the angle 

‘| of repose was the desirable maxi- 
mum gradient angle for descending 
grades. This was the angle at which 
the tractive resistance just balanced 
the force of gravity, and ideally was 
the slope on which a carriage and 
team could descend safely at a trot 
without using the brakes. The angle of 
repose depended on the road 
surface and for good macadam was 
equivalent to a slope of about 1 in 35 
Or approximately 2.85 percent. This 
‘Was the preferred gradient for post 
roads where speed of travel was 
important, and on such a slope a 
coach could be safely drawn down- 
hi at a speed of 12 mph. (7) 













*A road grade is the plane created by cutting 
the hills and filling the valleys. When the 
grade is not level, the rate at which it ascends 
or descends is the gradient of the slope; but 
frequently the term grade is used also for the 
rate of slope. Gradient is now almost uni- 
Versally expressed as units of rise per hundred 
units of horizontal distance, or percent. 
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On the other hand, if the gradient 
were steeper than the angle of 
repose, the driver would have to slow 
down to half speed or less and use 
his brakes to control the vehicle. 
The time so lost might justify the 
selection of a longer but less steep 
route for the road. 


Animal Traction Limits 


The tractive power of draft animals 
placed a limit on ascending gradients. 
An ordinary team of horses weighing 
2,400 pounds could be counted on 
to exert a pull of about 240 pounds 
traveling at 3 mph for a 10-hour day. 
This effort would pull a gross load of 
6 tons on a level macadam road. (2) 


On grades, horses could increase their 
effort; and, if the gradient were not 
more than about 2.5 percent, continue 
to draw about as much load as on 
the level. However, for steeper 
gradients their pulling power 
diminished from exhaustion while at 
the same time the force to be over- 
come increased, so that at 5 percent 
gradient a 2,400-pound team could 
haul only about 3.4 tons on macadam, 
and at 7 percent only 2.4 tons. The 
tonnage that could be hauled over 

a road therefore depended on its 
steepest grades, for it was uneconom- 
ical to reduce loads for these grades, 
or, even worse, to hitch on an extra 
team that would be needed in only 

a few places. 


Thus, the ideal maximum gradient to 
meet the requirements of both 
tractive effort and safe descending 
speed was between 2.5 and 3.0 per- 
cent. Thomas Telford, one of the 
founders of highway engineering, 
was a firm believer in keeping 
gradients low, and also in eliminating 
all unnecessary rise and fall of the 
gradeline. The most famous of his 
many roads was the Holyhead Road 
through the mountainous country of 
North Wales. In reconstructing this 
road he also relocated extensive 
parts of it to reduce the gradients— 


é 


which were in many cases as steep as 
10 or 16 percent—to a maximum of 
3.00) DELCENians) 


Later, Macneill measured road and 
grade resistances on the Holyhead 
Road with his dynamometer. He could 
then compute the ton-mile costs of 
haulage over any part of the road. 
By multiplying these costs by the 
number of tons which passed over 
the road in a year, he was able to 
compute the annual savings in user 
haulage costs attributable to the 
improvement. (3) Macneill’s work, 
published in 1838, may be one of the 
earliest applications of what we know 
today as highway engineering 
economy. 


Although the ideal maximum was 
around 3 percent, such low gradients 
were not practical in hilly and 
mountainous country because of the 
construction expense, and therefore 
most road authorities permitted 
steeper gradients under these con- 
ditions. In Prussia, for example, 
permissible gradients were 2.5 percent 
in level districts, 4 percent in hilly 
districts, and 5 percent in the moun- 
tains. In France, ruling grades 
depended on the political importance 
of the road rather than topography. 
National roads were limited to 3 
percent gradient, departmental roads 
to 4 percent, and subordinate roads 
to 6 percent. In many States of the 
United States 5.0 and even 6.0 percent 
maximum gradients were permissible 
on main roads. (2) 


In all countries engineers provided 
0.5 percent to 1.5 percent minimum 
gradients to promote longitudinal 
drainage, but some authorities 
thought that level grades were sat- 
isfactory for fills. 











Superior Tractive Ability of 
Motor Vehicles 


Trucks and automobiles got along 
very comfortably on the relatively 
light grades of the wagon roads built 
in the United States during the Good 
Roads Movement. However they 
were mechanically capable of much 
better grade performance than the 
prevailing 5 to 6 percent maximums. 
As early as 1916, one could buy a 
5-ton truck that could ascend a 
brick-paved hill of 13 percent gradient 
in low gear and, with special gearing, 
27 percent was possible. (2) Auto- 
mobiles of this period could ascend 
6-percent hills of considerable length 
in high gear if they could get a 
running start and did not have to 
reduce speed for sharp curves. 
Released from the restrictions of 
animal power, designers no longer 
had to wind through the country 
seeking the easiest grades: they 
could go directly across country 
ignoring all but the greatest obstacles. 


Charles Upham, one of the most 
influential highway engineers of the 
period, stated in 1920: 


More stress has been laid upon the alignment 
of roads during the past two or three years 
than ever before. It simply shows that high- 
ways are passing through the same stage that 
the railroads passed through when, after ex- 
haustive studies from an economic standpoint, 
they spent considerable money for the 
straightening of their lines. 


In considering the alignment of commercial 
roads, or direct routes, it must always be re- 
membered that a straight line is the shortest 
distance between two points, and from a com- 
mercial standpoint the shortest way is not only 
the most direct, but with other things equal, 

is the most economical, therefore, it seems to 
be practically conceded that ideally aligned 
commercial roads are those that are laid out 

in absolutely straight lines. 


Where there are costly influences entering the 
problem that make it impossible or imprac- 
ticable to follow the straight line, then the 
alignment should approach the straight line, 
and become a compromise of line, grade, and 
cost of construction. 


In most States it is impracticable and almost 
impossible to hold a grade as low as 6 
DEKGent ewe (4) 


Upham’s advice was widely followed 
by the engineers who executed the 
great road programs of the 1920’s and 
1930’s in the United States. They 
shortened road distances in the 
aggregate by hundreds of miles and 
long tangents or straightaways became 
commonplace. To maintain these 
long tangents through rolling country 
they sometimes used gradients as 
steep as 9 percent, and in a summary 
of current practice made by the 
Bureau of Public Roads in 1929 it 
was stated: 


On main-line highways it is customary to 
adopt a maximum grade of 5 percent in gently 
rolling country and 7 percent in rough coun- 
try, but it is no longer considered good prac- 
tice to resort to sharp curvature in order to 
avoid grades somewhat steeper than 7 per- 
cent. If local conditions permit either a 7 
percent grade with a sharp curve or a short 
9 percent grade with a wider curve, the latter 
design is thought to be the better practice 
because it is safer for modern motor traffic. 
(5) 


Grade Design for Early 
Motor Roads 


Coincident with the widespread 
adoption of long-tangent location 
there arose two schools of thought 
as to how the vertical alinement or 
profile should be designed in rolling 
topography. Engineers of the railroad 
school preferred long easy grades 
connected by long flat vertical curves 
involving heavy cuts and fills, such 
as were the rule in railroad location 
then as now. On the other hand, 
engineers of the rolling grade or 
humping school preferred to follow 
the ground profile closely, using 
gradients up to 9 percent if necessary 
to avoid deep cuts and fills. (6) 
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Humping did save excavation—in 
some extreme cases as much as 20 
percent—but it produced a roller- 
coaster gradeline with short sight 
distances between the humps and 
valleys. This, combined with the 
unlimited speed possible on tangents, 
made for a dangerous alinement, as 
well as a monotonous one. 


Since the 1930’s, the cost of earth- 
moving has been so greatly reduced 
by mechanization that earth work 
has become a relatively less important 
component of the total cost of road- 
building, and grade-rolling is much 
less pronounced. In fact, for heavy- 
traffic roads we have for all practical 
purposes returned to the railroad 
gradeline. 


Railroad engineers have known for 
many years that track resistance 


increases on curves, especially sharp — 


ones. To compensate for this added 
resistance they flattened the gradient 
a little on the sharper curves so that 
the train would not have to slow 
down too much when going upgrade 
around these curves. 


Highway engineers of the 1920’s, 
many of whom had been trained as 


; 
¢ 


railroad engineers, carried the idea of | 


grade compensation over into high- 
way engineering and by 1928, it was 
customary to compensate or reduce 


500-feet radius. The amount of 


. 
- 
| 
the gradient on curves of less than | 
| 


compensation was purely empirical. 
Grade compensation is less important | 
today because trucks and automobiles 
are more powerful, and permissible 
grades and curvature are more 
moderate than they were 40 years 
ago. Nevertheless, it is still considered | 
good design in mountainous areas to 
flatten the grade slightly on curves 

of less than about 800-feet radius. 


September 1976 ¢ PUBLIC ROADS 





ce 





Vertical Curves 


In the days of animal power, road- 
builders paid little attention to vertical 
curves. After all, the angular difference 
between two 5 percent grades was 
only about 6° and this was hardly 
enough of a peak or valley to cause 
discomfort to a vehicle traveling only 
about 3 or 4 mph. 


With the increasing road speeds that 
came with the automobile, road 
engineers began to worry about sight 
distances, especially over hill crests, 
and in 1919 one authority recom- 
mended that “vertical curves between 
grade tangents should be of large 
enough radius to provide for a proper 
line of sight between vehicles 
approaching each other from opposite 
sides of the hill.” This radius should 
be, it was stated, not less than 50 
feet in most cases. (6) With the high- 
silhouette cars of that day this rule 
gave about 300 feet sight distance 
over a summit between two 5 percent 
grades. 


Another authority of the same period 
recommended parabolic vertical 
curves with lengths varying according 
to the algebraic difference between 
the intersecting grades. ‘Experience 
has proved that the following lengths 
will make satisfactory curves: 100 ft., 
200 ft., 300 ft., for algebraic differ- 
ences in grades between 1 and 3, 3 
and 6, and more than 6 percent, 
respectively.” (6) 


In 1929 the American Association of 
State Highway Officials (AASHO), in 
one of its earliest standards, recom- 
mended “that horizontal and vertical 
Curves be used which provide a sight 
distance of at least 500 feet.” At this 
time, in U.S. practice, sight distance 
Was measured from an assumed 
operator’s eye level of 4.5 feet above 
the road surface to another point on 
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the road ahead, also 4.5 feet above 
the surface. 


In the early 1930’s, the German 
engineers were designing their Auto- 
bahnen for 370 meters (1,215 feet) 
minimum stopping sight distance— 
more than double the AASHO 1929 
minimum. Furthermore, they 
measured this sight distance from an 
assumed operator eye height of 3.9 
feet to an obstacle on the road that 
was only 8 inches high—assumptions 
which required much longer summit 
vertical curves than the American 
practice described earlier. The very 
long sight distances used by the 
Germans resulted from using a very 
high design speed—180 km/h (112 
mph)—in the kinetic energy formula 
for stopping sight distance. To pro- 
vide such sight distances the German 
engineers used circular vertical curves 
with radii as long as 54,700 feet for 
summits and 16,000 feet for sags.* (7) 


In 1939 when the AASHO Committee 
on Planning and Design Policies 
considered the problem of sight 
distance, all members agreed that the 
American rule for measuring sight 
distance was risky because it did not 
allow for small obstacles such as 
fallen rocks or small animals on the 
pavement. Some members thought 
that the driver should be able to see 
the surface of the pavement ahead 
for the full distance required to stop 
from the design speed. However, 
calculations showed that such a rule 
would require vertical curves so long 
that construction cost would be 
prohibitive. Eventually, the Committee 
adopted a modification of the 
German rule. They retained the 4.5- 
foot driver eye level but measured 
sight distance to an obstacle project- 
ing 4 inches upward from the 


‘For two intersecting 5 percent grades these 
radii are approximately equivalent to simple 
parabolas 5,500 feet and 1,360 feet long, 
respectively. 


pavement surface.® The vertical curves 
required by this so-called dead cat 


rule were much longer than those 
needed by the old rule, but were still 
within economic limits. The new rule 
also resulted in a better balance 
between horizontal and vertical sight 
distances. 


Agg’s Theory of Grades 


We have seen how the design speed 
concept provided engineers with a 
logical means of achieving consistent, 
balanced design for horizontal aline- 
ment, and also for vertical curvature. 
The designer had only to select a 
design speed, and the other 
dependent design elements—sight 
distance, horizontal radius, super- 
elevation, length of spiral, length of 
vertical curve—were to a large extent 
decided for him. However, it was 
not nearly so easy to arrive at a 
logical maximum or limiting gradient 
to be used for a particular design 
speed. 


As early as 1919, Thomas R. Agg, one 
of the modern founders of the 
discipline of highway engineering 
economy, proposed a method for 
solving location problems involving 
grades, based to a large extent on the 
already well-established railroad 
theory of grades. (8) Agg believed 
that grades should be designed to 
take into account the inherent 
characteristics of the motor vehicle— 
especially its motive power—then 


‘supplied with few exceptions by the 


throttle-governed, four-cycle internal 
combustion motor. This motor was 

most efficient when operating at or 
near full load at the speed for which 


*In 1965 AASHO changed this rule to pro- 
vide for an operator eye level of 3.75 feet 
and an obstacle height of 6 inches. 














it was designed. He analyzed the 
mechanical characteristics of several 
makes of automobiles and trucks, 
and then prepared tables showing the 
tractive effort that could be exerted 
by a composite average truck and a 
composite average automobile at 
various gear ratios. Then, using these 
values and assuming some loss of 
velocity on the hill, he was able to 
compute the maximum gradient that 
the vehicle could surmount at full 
power in high gear without dropping 
below a minimum acceptable velocity, 
which for trucks was 15 mph and 
for autos 25 mph. 


Agg believed that the most econom- 
ical descending grade was one that 
would “permit the vehicle to descend 
without the use of power or the 
brakes, and without attaining an 
unsafe speed.’ He assumed that an 
automobile would reach the top of a 
hill traveling 25 mph and then gather 
momentum under the pull of gravity 
until it was traveling 40 mph when 

it reached the foot of the hill. 
(Corresponding speeds for trucks 
would be 15 and 25 mph.) During its 
descent the vehicle would be urged 
forward by the pull of gravity but at 
the same time restrained by air 
resistance, rolling resistance, and the 
inertia of the vehicle’s rotating parts. 


Agg found that ideal gradients—those 
that were most efficient and resulted 
in the least fuel consumption—were 
about 4 percent steeper for ascending 
grades than for descending grades, 
so the problem of economical grade 
design was to find average gradients 
that would yield the greatest overall 
economy. In a real situation he 
recommended that the designer lay 
a tentative gradeline and then, 
knowing the traffic count and per- 
centage of trucks, calculate the 
average fuel consumption. He could 


then lay another, easier gradeline 


and recompute the fuel consumption. 


If the annual savings of fuel were 
equal to or greater than the annual 
construction cost of the grade 
reduction, the change could be 
deemed economical. 


Although straightforward in principle, 
Agg’s analysis was somewhat labori- 
ous in practice, and it is safe to say 
that it was not widely used in ordinary 
highway design. The economy of 
gradeline design continued to be 
judged more by the balancing of cut 
and fill volumes and savings in 
construction cost than by the 
economics of vehicle operation. 


Measuring the Grade Ability 
of Trucks 


In the late 1930’s and early 1940's, 
studies of highway capacity by the 
Public Roads Administration (PRA) 
(the former Bureau of Public Roads) 
and the States opened a new 
approach to the design of highway 
grades. One of these studies, made 
in 1938, measured the hill-climbing 
ability of motor trucks. (9) This study 
was undertaken partly because of 


the PRA’s desire to evaluate the traffic 
congestion caused by slow vehicles 
on the highway, and partly because 
of the desire of the vehicle manu- 
facturers and truckers to head off 
restrictive legislation that would limit 
the weight of cargoes or impose 
high power requirements on trucks. 
(A widely advocated requirement of 
the period was that trucks be able 

to maintain 20 mph on a 4-percent 
grade.) 


In the course of this study the 
researchers measured the maximum 
sustained speeds—the speeds after 
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Figure 1.—Grade ability of light trucks and tractor trucks (without governor). 
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exhaustion of any initial momentum— 
that could be maintained on grades 
by 47 typical new and used trucks. 
The trucks were of various models 
from heavy to light and they were 
tested on actual grades of 3.2, 4.0, 
4.5, 6.0, and 7.0 percent. The investi- 
gators placed known loads on each 
truck starting with the maximum 
weight that could be hauled in the 
lowest gear, and the truck’s speed 
performance was measured on one of 
the grades with an extremely accurate 
vicycle wheel chronograph mounted 
on the front bumper. The load was 
then reduced by 1,000 pounds and 
the test run was repeated in the same 
gear. This procedure was repeated 

‘n successive decrements of 1,000 
dounds until the observed road speed 
corresponded to the maximum 
engine speed recommended by the 
manufacturer. The test was then run 
over again in the next higher gear. 
The full range of tests was then 
derformed on the other grades. 
‘igure 1 shows the speed performance 
of light trucks as measured by these 
ests. Similar graphs were compiled 
or medium and heavy vehicles. 


‘he most significant information that 
tands out in figure 1 is the small 
ncrease in speed that results from 
t reduction in gradient. Thus, for an 
iverage light tractor-truck weighing 
?4,000 pounds gross, a reduction in 
tradient from 6 percent to 5 percent 
vould improve speed only 1.3 mph 
from 14.0 mph to 15.3 mph). To 
ignificantly increase speed say to 
‘3 mph, the gradient would have to 
ie reduced to 3 percent. Looking at 

‘ another way, to maintain a speed 
if 23 mph on a 6 percent grade the 
ame truck could carry a gross load 

f only 14,000 pounds. The reduction 
| 


| 
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would have to come out of the 
payload which originally was about 
12,000 pounds, so there would be a 
net loss to the trucker of 83 percent. 


Another way to increase speed is to 
increase engine power, but the 
researchers found that to obtain a 
road speed increase of 3 mph on a 
6 percent grade would require an 
increase of 45 percent in the engine 
power of a typical 24,000-pound 
vehicle. 


The investigators agreed that there 
was no single comprehensive solution 
to the problem and that any solution 
would probably involve some grade 
reduction coupled with a reduction in 
weight/power ratios for trucks. They 
stated, ‘‘Before a final conclusion 
can be reached, the reasonable mini- 
mum speed must be determined and 
the relative economics of the three 
basic methods [grade reduction, load 
reduction, power increase] and of 
their combinations must be deter- 
mined.” For the immediate future 
they thought the best policy was to 
widen roads at the points of most 
serious congestion, that is by adding 
climbing lanes, since an improvement 
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in weight/power ratios would come 
only very gradually. (9) 


The Effect of Momentum 


The 1938 truck study specifically 
excluded the effects of momentum 
from consideration. However, under 
actual traffic conditions momentum 
is always present and it very materially 
increases the ability of vehicles to 
surmount grades. Realizing this, A. 
Taragin of the PRA in 1945 analyzed 
the data from the 1938 tests to 
determine the tractive effort exerted 
by the test vehicles for the various 
sustained speeds that were measured. 
(10) This tractive effort, added to the 
vehicle’s kinetic energy or momen- 
tum, is expended in lifting the 
vehicle up the grade and in over- 
coming tractive resistance. Taragin 
was able to show, for example, that if 
a 40,000-pound vehicle approaches 

a 4 percent grade at 41 mph with the 
engine disengaged, it will coast 770 
feet before its speed drops to 20 
mph (fig. 2). If instead of coasting, 
the operator approaches the grade at 
a speed of 41 mph and applies the 
engine power, momentum plus 
tractive effort will take the vehicle 
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Figure 2.—Distance upgrade that the momentum alone will carry vehicles traveling 


at various speeds (engine disengaged). 




















1,500 feet up the grade before the 
speed drops to 20 mph (fig. 3). Only 
on grades that are longer than 2,500 
feet would the vehicle have expended 
all of its momentum and be reduced 
to its sustained speed of 12.7 mph. 


The PRA analysis showed that short 
grades do not seriously slow down 
trucks if the road conditions are such 
that they can get a running start and 
enter the grade at substantial speed. 
On longer grades the speed 
progressively drops until it reaches 
the maximum sustained speed or 
crawl speed of which the vehicle is 
capable. If the length of grade 
requiring operation at sustained 
speed is appreciable, satisfactory 
operation can only be achieved with 
auxiliary climbing lanes. 


Arizona Grade Studies 


The 1945 PRA study was a theoretical 
analysis based on the performance 
of 1938-model trucks. To update the 
BPR findings engineers of the Arizona 
Highway Department in 1949 
observed the performance of 160 
light, medium, and heavy trucks on 
various mountain grades, ranging 
from 2.0 percent to over 6 percent. 
The trucks were stopped several 
miles from the test grades and were 
weighed, and pertinent data as to 
horsepower and load were obtained 
from the driver. The truck was then 
allowed to proceed. Observers in a 
following car noted the truck’s speed 
on arrival at the foot of the test grade 
and the distance at which the vehicle 
reached crawl speed. (17) 


The observers found that the average 
speed of the trucks when they 
reached the foot of the grade was 
47 mph, but many were clocked at 
speeds up to 65 mph. Thereafter, 
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Figure 3.—Effect of gross load on the speed of medium motor vehicles on a 4.0 percent grade. 


they lost speed at a rate which varied 
with the grade and also with the skill 
of the driver in knowing when to 
change gears. Typically, the loss of 
speed varied from 2 mph per 
thousand feet of grade on 2 percent 
grades to 33.5 mph per thousand feet 
of grade on 7 percent grades. Figure 
4 is a composite of the speed-grade 
performance of heavy and medium 
trucks loaded to capacity or nearly so. 


The Arizona engineers were con- 
cerned over the slow crawl speeds 
for the steeper grades not only 
because of congestion, but also for 
safety. They proposed a minimum 
critical speed of 25 mph on grades. 
If the hill was long enough to slow 
heavy vehicles down below that 
speed, they proposed to provide a 
climbing lane so that the slow vehicles 
could get out of the traffic stream 
and let the fast ones go by. The 
point at which the speed dropped to 
25 mph would be the place to begin 
the climbing lane. Thus, in figure 4 if 
a 5 percent grade is longer than 
1,500 feet, a climbing lane will be 
required upgrade from the 1,500- 
foot point. 
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The Texas Heavy Test Vehicle 


In 1953, the Texas Highway Depart- 
ment made a series of road tests with 
a 29-ton tractor-semi-trailer test 
vehicle. The tests were made on 
various grades and the speeds at- 
tained during the test runs were auto- | 
matically recorded by road detectors 
and graphic recorders. The average 
results of 118 test runs were plotted 
on speed-distance curves similar to 
figure 4 which the Texas engineers 
used to determine the beginning and © 
ending of climbing lanes for a 
minimum critical speed of 30 mph. 
(12) 


Determining Critical Speed 


In both the Arizona and Texas 
procedures the important factor for 
deciding when to use climbing lanes 
was the critical speed below which 
traffic operation became intolerable. 
This speed was a matter of judgment” 
—Arizona opting for 25 mph and 
Texas for 30 mph. In 1954, the AASHO 
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‘igure 4.—Speed patterns on various grades. 


Zommittee on Planning and Design 
olicies studied the available research 
nformation and decided that a 

) eduction of 15 mph below the 
iverage running speed for level 
iections of the same highway would 
ye “tolerable’” and recommended 

» hat this value be used for grade 

; Jesign. (13) Applying this rule to 
iverage running speeds measured in 

| 1963 results in the following tolerable 

) ninimum speeds (14): 


| Jesign speed 
(mph) 30840550 60 70 80 


\verage running speed 
at low volume 
(mph) DGme5ou 44) 52) 58_ 64 


Tolerable minimum 
speed on grades 

¢ | (mph) 13 21 
nes 
_ he truck tests resulted in rather 
, eneral agreement among engineers 
a hat grades should if possible be kept 
| ielow 3 percent for highways 
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carrying large volumes of heavy 
trucks. However, such low grades are 
expensive to construct, even in fairly 
easy country, so when AASHO issued 
its design standards for primary 
highways in May 1941, it made no 
recommendations for maximum 
grades, simply acknowledging that 
“agreement has not been reached on 
maximum grade or length of 
sustained grade to be used for various 
combinations of terrain and traffic 
density. Grades long enough to be 
classed as ‘sustained grades’ should 
be less than the maximum grade used 
on that section of highway.” (15) 


Search for a Consensus 
on Grades 


In 1941 President Roosevelt appointed 
a distinguished committee “to 
investigate the need for a limited 
system of national highways to 
improve the facilities now available 
for interregional transportation, and 
to advise the Federal Works 
Administrator as to the desirable 
character of such improvement.” (76) 
The Secretary of this Interregional 
Highway Committee, H. S. Fairbank 
of the Public Roads Administration, 
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assembled an outstanding technical 
staff in Washington, D.C., consisting 
of the traffic and design experts who 
had been in the forefront of highway 
traffic research during the preceding 
decade. 


The Committee’s report, which 
appeared in 1944, recommended a 
system of 33,920 miles of highways 
designed for high-speed travel: 


All rural sections of the system shall be de- 
signed at all points and in all respects for safe 
travel by passenger vehicles at a speed of not 
less than 75 miles per hour, and by trucks 
and tractor combinations at a speed of not 
less than 60 miles per hour in flat topography. 
In more difficult terrain the speed for which 
the highway is designed may be reduced; but 
in no case to less than 55 miles per hour for 
passenger vehicles and 35 miles for trucks 
and tractor combinations in mountainous 
topography. All rural sections shall provide a 
sufficient number of traffic lanes and other 
facilities so that at no time, except during 
infrequent peak hours, will it be necessary 
because of the interference of other vehicles 
to reduce the average running speed to less 
than 50 miles per hour. (16) 


The recommended system was 
enacted into law in the Federal Aid 
Highway Act of 1944, but Congress 
left the selection of the system and 
its design standards to the “joint 
action of the State highway depart- 
ments of each State and the adjoining 
States.” The design standards for the 
Interstate System adopted by the 
American Association of State High- 
way Officials in 1945 fell considerably 
short of those recommended by the 
Interregional Highway Committee, 
the minimum permissible design 
speeds being only 60, 50, and 40 
mph for flat, rolling, and mountainous 
topography, respectively. The AASHO 
recommendations for gradients were 
equally cautious: “The maximum 
gradients preferably shall not exceed 
5 percent and in any case shall not 
exceed 6 percent. On short lengths 
only, gradients of 7 percent may be 
used.” (15) 




















In 1954, AASHO’s Committee on 
Planning and Design Policies observed 
that “Design values have been 
determined and agreed upon for 
many highway features but few con- 
clusions have been reached on 
roadway grades in relation to design 
speed.”” The Committee went on to 
state, “In the States which utilize 
design speed control, nearly one-half 
specify maximum grades of 3 to 4 
percent for a design speed of 70 
mph, and only a few States use a 
maximum of 6 percent for this design 
speed. If the more important high- 
ways only are considered it appears 
that a maximum grade of 7 or 8 
percent would be representative for 
30 mph design speed.” (73) 


By 1956 the States had reached agree- 
ment on maximum gradients for the 
Interstate System, and the AASHO 

standards approved that year stated: 


For design speeds of 70, 60, and 50 miles per 
hour, gradients generally shall be not steeper 
than 3, 4, and 5 percent, respectively. Gradi- 
ents 2 percent steeper may be provided in 
rugged terrain. (17) 


However, not until 1961 did the 
States reach a consensus on what 
maximum gradients to use for high- 
ways other than freeways. AASHO 
standards adopted December 27, 
1961, recommended the grades 
shown in table 1. Short grades less 





Table 1.—Maximum grades in percent (18) 





Topography Design speed, mph 

30 40 50 60 70 
Flat 6 5 4 3 3 
Rolling 7 6 5 4 4 
Mountainous 9 8 7 6 — 








than 500 feet long and one-way down 
grades may be 1 percent steeper. 
For low volume rural roads, grades 
may be made 2 percent steeper. 


The design speed concept for geo- 
metric design became AASHO policy 
in September 1938, yet 23 years 
elapsed before there was sufficient 
agreement among the States for 
AASHO to feel free to bring out a 
national policy on grades. This 
illustrates an important aspect of 
highway policy in the United States: 
Design practice generally evolves 
slowly over a long period, and 
crystallizes into formal standards only 
after a strong consensus has devel- 
oped among informed engineers and 
administrators. We will examine this 
evolutionary development of 
standards in Part 8. 
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Implementation/User Items 


“how-to-do-it” 





The following are brief descriptions of 
selected items which have been 
recently completed by State and 
Federal highway units in cooperation 
with the Implementation Division, 
Offices of Research and Develop- 
ment, Federal Highway Administration 
(FHWA). Some items by others are 
included when they have a special 
interest to highway agencies. These 
items will be available from the 
implementation Division unless other- 
wise indicated. Those placed in the 
National Technical Information 
Service (NTIS) will be announced in 
this department after an NTIS 
accession number is assigned. 


U.S. Department of Transportation 
Federal Highway Administration 
Office of Development 
Implementation Division, HDV—20 
Washington, D.C. 20590 


War on Wet Weather Accidents 


by Texas State Department of 
Highways and Public Transportation 


This 16 mm color film was produced 
by the Texas Transportation Institute 
(TTI) for the Texas State Department 
of Highways and Public Transpor- 
tation. It is recommended for viewing 
by general audiences interested in 
skid resistance, tire hydroplaning, 
and highway safety since it offers 
advice derived from recent research 
on how to drive more safely on wet 
pavements. 


It should be noted that TTI’s recom- 
mendation in the film for using 

greater than manufacturers’ specified 
tire pressures to reduce the probability 


for hydroplaning may have other 
adverse effects. In addition, two non- 
standard signs warning motorists 

of slippery conditions are shown. 
These are under evaluation and their 
appearance in the film does not imply 
a recommendation for their use. 


The film is available from the 
Implementation Division. 





Urban Traffic Control System 
Hardware: A Specifications Checklist, 
implementation Package 76-1 


by FHWA Implementation Division 


This manual consists of a compilation 
of the Urban Traffic Control System/ 
Bus Priority System (UTCS/BPS) 
specification requirements which have 
been generalized and condensed into 
a checklist format. 


The format of this manual provides 
a rapid means of checking equipment 
specifications which have been pre- 
pared, or are in the process of being 
prepared, for a similar traffic system. 
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Each of the condensed specifications 
is a complete unit, and includes the 
original UTCS/BPS requirements 
necessary to insure adequate defini- 
tion, performance, and quality of 
the equipment procured. The check- 
list specifications include a brief 
discussion, in the introduction, of the 
background, theory, and application 
of the equipment in computer- 
controlled traffic systems. The intro- 
ductions are intended to provide 
some insight as to the reason for 
including the specification items in 
the checklist. 


The manual is available from the 
Implementation Division. 





Inductive Loop Detectors: 


Package 76—2 


by FHWA Implementation Division 


The need for an easily installed and 
relatively inexpensive system to 

provide passage and/or presence 
detection for traffic control purposes 





~ 





has led to substantial use of an 


5 


inductive loop system. In the past, a 
lack of standardized performance 
criteria has hampered the design, 
installation, and maintenance of loop 
detector systems and resulted in a 
considerable amount of experimen- 
tation during the installation phase. 


This report provides a user’s manual 
for design application and perform- 
ance testing of inductive loop 
detector systems developed by the 
Department of Traffic, Los Angeles, 
Calif. It is based on a study of many 
of their approximately 3,000 loop 
detector field installations. The pur- 
pose of the study was to determine 
the causes of failure or intermittent 
operations and to develop aids for the 
design, test, and maintenance of 
these systems. Basic theory of loop 
‘detector operation is presented along 
with a discussion of loop size and 
shape. Installation procedures used 
in the Urban Traffic Control System 
(UTCS) in Washington, D.C., are 
‘described and discussions of practical 
ways to deal with the installation of 
loops across pavement joints are also 
‘included. A detector trouble-shooting 
/procedure, with detailed instructions 
and data recording forms, is included 
‘in a form suitable for use by 
technicians. 





|The report is available from the 
Implementation Division. 
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Traffic Control Systems Handbook: 
Executive Summary, Implementation 
Package 76-3 


by FHWA Implementation Division 


This summary briefly outlines the 
contents of a Traffic Control Systems 
Handbook that has been developed by 
the Federal Highway Administration. 
The introduction presents the vital 
concern for implementing effective 
traffic control systems and identifies 
the somewhat confusing situation 
relative to the wide variety of traffic 
control technology and equipment. 
The summary includes a description 
of the handbook’s scope and objec- 
tives as well as its presentation 
concept. The contents of the hand- 
book are discussed in relation to 
each of the five phases of Traffic 
Control Systems Engineering: traffic 
control studies, synthesis, analysis, 
design and implementation, and 
management. 


The summary is available from the 
Implementation Division. 
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Introduction to Concrete 
Polymer Materials, 
Report No. FHWA-RD-75-507 


by Brookhaven National Laboratory 
for FHWA Implementation Division 





Introduction to Concrete Polymer 
Materials, Supplement No. 1, 
Report No. FHWA-RD-75-527 


by U.S. Bureau of Reclamation for 
FHWA Implementation Division 


Concrete polymer composites are new 
materials showing promise in helping 
to alleviate some of the problems 











associated with concrete deterioration. 
The purpose of these texts is to 
provide highway personnel with a 
working knowledge of concrete poly- 
mer development and application. 


Introduction to Concrete Polymer 
Materials presents basic information 
on polymer chemistry as applied to 
concrete polymer materials, the 
fundamental characteristics and 
properties of the materials, safety 
precautions, and a general discussion 
of potential applications. 


Introduction to Concrete Polymer 
Materials, Supplement No. 1, includes 
discussions on the structural 
properties of polymer impregnated 
concrete and its application in pre- 
stressed bridge deck panels, polymer 
impregnation as a bridge deck 
sealant, polymer concrete, polymer 
shotcrete, and penetrating protective 
coatings. 


Both volumes are available from the 
National Technical Information 
Service, 5285 Port Royal Road, Spring- 
field, Va. 22161 (Introduction to 
Concrete Polymer Materials—Stock 
No. PB 241691; Introduction to 
Concrete Polymer Materials, Supple- 
ment No. 1—Stock No. PB 248227). 


Calendar Year 1975 Accomplishment 
Report of the Implementation 
Division, Office of Development 


by FHWA Implementation Division 


In this report, the two groups in the 
Implementation Division of the Office 
of Development, Federal Highway 


Administration, present a description 
of their activities for 1975. 


The work of the Engineering, Location, 
and Design Group is discussed under 
seven program areas: (1) roadside 
safety, (2) traffic engineering, (3) 
highway design, (4) hydraulics and 
hydrology, (5) bridge and culvert 
design, (6) pedestrian safety, and (7) 
environmental. More than 60 projects 
are covered in this section of the 
report. 


The Construction, Materials, and 
Methods Group is responsible for 10 
program areas: skid, delineation, 
rapid tests, pavement, waste and 
substitute materials, polymers, 
tunnels, soils and foundations, 
structures, and maintenance. A total 
of 70 ongoing projects are discussed. 


The report is available from the 
Implementation Division. 





Modification of the BPR-Type 
Roadometer 


by the Illinois Department of 
Transportation and FHWA 
Implementation Division 


This report describes a modification 
of the BPR roadometer that increases 
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its utility in the measurement of road 
smoothness (or roughness). The 
following have been limitations of 
the roadometer: its inability to give 
reliable results on short test sections 
—less than % to Y2 mile (0.4 to 0.8 
km); its operating speed of 20 mph 
(32 km/h); and the vertical motion 
resolution of 1 in (25.4 mm). Modifi-— 
cations made in the horizontal | 
distance and vertical displacement 
sensing devices have improved the 
capabilities of this device for 
measuring pavement sections as short 
as 100 ft (30 m) and have increased 
the operating speed. Good results 
have been reported in the measure- 
ment of vertical displacement on 
100-ft (30 m) sections with a dis- 
placement resolution of 0.01 in 
(0.25 mm). The measurement of 
distance increments has been reduced 
from approximately 7 ft (2 m) to 1 
in (25.4 mm). Test results also show 
that the modified system can be 
operated at speeds up to 60 mph 
(97 km/h). The addition of an elec- 
tronic system allows data to be 
recorded on printed paper tape. The 
system can also be adapted for 
magnetic tape data recording. 





The report is available from the 
National Technical Information 
Service, 5285 Port Royal Road, 
Springfield, Va. 22161 (Stock No. 
PB 248627). 
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The following items identify new 
\research studies that have been 
reported by FHWA’s Office of Re- 
search and Development. Space 
limitation precludes publishing a 
complete list. These studies are 
sponsored in whole or in part with 
_\Federal highway funds. For further 


| 





Staff and Contract Research—Editor; 
Highway Planning and Research 
(HP&R Research)—Performing State 
,|Highway Department; National 
IGpoperative Highway Research Pro- 
gram (NCHRP)—Program Director, 
\National Cooperative Highway Re- 
search Program, Transportation 
Research Board, 2101 Constitution 
Avenue, NW., Washington, D.C. 











CP Project 1A: Traffic Engineering 
improvements for Safety 


*fitle: Safety Aspects of Vehicle 
Parking. (FCP No. 31A1613) 
Objective: Determine safety and 
yperational characteristics of onstreet 
yarking alternatives; collect and 
‘orm a data base to compare these 
/arious alternatives; and prepare a 
nanual to be used by local officials to 
Jetermine site specific parking 
irrangements. 
erforming Organization: University 
of Tennessee, Knoxville, Tenn. 37916 
-xpected Completion Date: 
November 1977 
:stimated Cost: $140,000 (FHWA 
Administrative Contract) 
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details, please contact the following: 


New Research in Progress 





FCP Project 1G: Safer Traffic 
Guardrails and Bridge Railings 


Title: Assessment of Probability of 
Injury in the Analysis and Testing of 
Barrier Concepts. (FCP No. 31G1133) 
Objective: Provide the details and 
tools by which advanced methods 
in the area of occupant modeling and 
injury assessment can be incorporated 
into the analysis and testing methods 
used for highway roadside furniture 
safety evaluations. 

Performing Organization: Ensco, Inc., 
Springfield, Va. 22151 

Expected Completion Date: June 1977 
Estimated Cost: $129,000 (FHWA 
Administrative Contract) 


Title: Vehicular Crash Tests on 
Continuous Concrete Median Barriers 
Without Footings. (FCP No. 41G1212) 
Objective: Conduct vehicle crash test 
on 50 CMB without footings and 
50-C-CMB without footings for the 
purpose of judging the strength and 
stability of these barrier designs. 
Performing Organization: California 
Department of Transportation, 
Sacramento, Calif. 95814 

Expected Completion Date: March 
1979 

Estimated Cost: $73,000 (HP&R) 


FCP Project 1): Improved Geometric 
Design 


Title: Operation Problems on 
Cloverleaf Interchanges. (FCP No. 
31J2122) 

Objective: Determine the safety and 
operational problems associated with 
weave areas, loop ramps, and 
terminal areas of full cloverleaf 
interchanges. Identify potential 
countermeasures to alleviate these 
problems. 

Performing Organization: Institute for 
Research, State College, Pa. 16801 
Expected Completion Date: June 1977 
Estimated Cost: $89,000 (FHWA 
Administrative Contract) 
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FCP Project 1K: Accident Research 
and Factors for Economic Analysis 


Title: Development of Safer Utility 
Poles. (FCP No. 31K6034) 

Objective: Phase |—develop retrofit 
solutions to significantly improve 
performance of existing utility poles 
with regard to structural dynamics. 
Phase Il—evaluate new concepts for 
use in new construction. 

Performing Organization: Southwest 
Research Institute, San Antonio, Tex. 
78284 

Expected Completion Date: March 
1978 

Estimated Cost: $212,000 (FHWA 
Administrative Contract) 


FCP Category 2—Reduction of 
Traffic Congestion, and Im- 
proved Operational Efficiency 


FCP Project 2J: Practicality of 
Automated Highways 


Title: Practicality of Automated 
Highway Systems. (FCP No. 32J1011) 
Objective: Evaluate generic concept 
designs and conduct research of those 
concepts to determine the technical, 
human factors, social, economic, 
legal, and environmental feasibilities 
of the automated highway systems. 
Performing Organization: Calspan 
Corporation, Buffalo, N.Y. 14221 
Expected Completion Date: October 
tbepey! 

Estimated Cost: $272,000 (FHWA 
Administrative Contract) 








FCP Project 2K: Metropolitan 
Intermodal Traffic Management 


Title: Optimization Techniques for 
Urban Transportation Systems. (FCP 
No. 32K1023) 

Objective: Produce a computer 
program capable of optimizing signals 
and lane assignments in a corridor. 
Simplifying assumptions will be made 
to see if the concept is feasible. 
Performing Organization: Electronic 
Systems Laboratory, Massachusetts 
Institute of Technology, Cambridge, 
Mass. 02139 

Expected Completion Date: March 
177 

Estimated Cost: $75,000 (FHWA 
Administrative Contract) 


FCP Category 3—Environmental 
Considerations in Highway 
Design, Location, Construction, 
and Operation 


FCP Project 3F: Pollution Reduction 
and Visual Enhancement 


Title: Implementation and Extension 
of Fine Grasses for Roadsides. (FCP 
No. 43F1922) 

Objective: Demonstrate comparison 
stands of fine grass mixtures 
developed under project 7726 with 
the present ‘‘A” mix. Synthesize a 
new spreading fescue variety from 
improved stock of roadside origin. 
Performing Organization: Rutgers 
University, New Brunswick, N.J. 08903 
Funding Agency: New Jersey 
Department of Transportation 
Expected Completion Date: June 1979 
Estimated Cost: $146,000 (HP&R) 


Title: Air Monitoring Quality 
Assurance Program. (FCP No. 
43F3273) 

Objective: Develop a quality assur- 
ance program involving the standard- 
ization of laboratory and field 

audit and calibration procedures, 
certification criteria, and statistical 
quality assurance procedures. 
Performing Organization: California 
Department of Transportation, 
Sacramento, Calif. 95807 

Expected Completion Date: June 1979 
Estimated Cost: $212,000 (HP&R) 


FCP Category 4—Improved 
Materials Utilization and 
Durability 


FCP Project 4B: Eliminate Premature 
Deterioration of Portland Cement 
Concrete 


Title: Develop and Evaluate Alternate 
Cathodic Protection Systems. (FCP 
No. 44B1542) 

Objective: Provide alternate cost- 
effective cathodic protection systems 
through the development and 
evaluation of alternate materials and 
forms of anodes and overlays, 
initially evaluate the new concepts 

in the laboratory, construct field 
installations, and evaluate using those 
systems which perform well in the 
laboratory. 

Performing Organization: California 
Department of Transportation, 
Sacramento, Calif. 95814 

Expected Completion Date: June 1979 
Estimated Cost: $605,000 (HP&R) 


Title: Feasibility Evaluation of the 
Implementation of Concrete Polymers 
for Bridge Deck Applications. (FCP 
No. 44B2262) 

Objective: Provide the Oklahoma 
Department of Highways with speci- 
fications and information necessary 
to utilize polymers with concrete in 
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bridge deck repair and rehabilitation. 
Work includes a literature survey, 
laboratory evaluation of materials 
and processes for production of 
concrete with polymers, and finally, 
application of information developed 
to uses in the Oklahoma highway 
system. 

Performing Organization: University 
of Oklahoma, Norman, Okla. 73069 
Funding Agency: Oklahoma 
Department of Highways 

Expected Completion Date: March 
1979 


Estimated Cost: $80,000 (HP&R) 


FCP Project 4D: Remedial Treatment 
of Soil Materials for Earth Structures 
and Foundations 


Title: Full Depth Testing of Frost 
Susceptible Soils. (FCP No. 44D4072) 
Objective: Examine various soil types — 
under similar environmental and 
natural freezing conditions in order 
to determine their relative frost 
susceptibility. 
Performing Organization: Massachu- — 
setts Department of Public Works, 
Boston, Mass. 02114 é 
Expected Completion Date: June 1980_ 
Estimated Cost: $88,000 (HP&R) 


€ 


: 
FCP Category 5—Improved 
Design to Reduce Costs, Extend | 
Life Expectancy, and Improve 
Structural Safety t 


FCP Project 5B: Tunneling Technolca 
for Future Highways 


Title: Improved Earth Reinforcement | 
Techniques for Use in Cuteand-Cove 
Tunneling. (FCP No. 35B1041) 
Objective: Develop an improved : 
earth reinforcement technique for usé 


vv U.S. Government Printing Office: 1976-62100 


- 
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in stabilizing earth masses in place 
through comprehensive evaluation of 
the fondedile system “reticulated pali 
radice,”” and develop an improved 
reinforcement technique based on 
using a group of piles to stabilize 

a soil mass. 

Performing Organization: Corps of 
Engineers, Waterways Experiment 
Station, Vicksburg, Miss. 39180 
Expected Completion Date: October 
1979 

Estimated Cost: $596,000 (FHWA 
Administrative Contract) 


“CP Project 5D: Structural Rehabilita- 
‘ion of Pavement Systems 


litle: Overlays for Plain Concrete 
*”avement. (FCP No. 45D2454) 
Ibjective: Determine which of the 
overlay designs (four different sec- 
tions of concrete, 12 sections of 
isphalt) will give adequate perform- 
ince considering cost and pavement 
ife. 

*erforming Organization: Georgia 
—Jepartment of Transportation, 
\tlanta, Ga. 30334 
xpected Completion Date: May 1981 
' ‘stimated Cost: $88,000 (HP&R) 


‘itle: Performance of an Experimental 
-ontraction Jointed Pavement Design. 
FCP No. 45D2464) 
bjective: Evaluate the contraction 
dint design, determine capability of 

( he end anchor systems used, detect 
ny distress condition in its early 
tages, and recommend appropriate 
naintenance. 

# erforming Organization: New Jersey 
Jepartment of Transportation, 

4 Trenton, NJ. 08625 

i a Completion Date: April 


Stimated Cost: $70,000 (HP&R) 
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FCP Project 5E: Premium Pavements 
for “Zero Maintenance” 


Title: Prestressed Concrete Pavement. 
(FCP No. 45£3024) 

Objective: Instrument and accumulate 
research data from FHWA Demon- 
stration Project No. 17 for prestressed 
concrete pavement. 

Performing Organization: Mississippi 
State Highway Department, Jackson, 
Miss. 39205 

Expected Completion Date: April 1983 
Estimated Cost: $149,000 (HP&R) 


FCP Project 5F: Structural Integrity 
and Life Expectancy of Bridges 


Title: Detection of Flaws in Rein- 
forcing Steel in Prestressed Concrete 
Bridge Members. (FCP No. 35F1042) 
Objective: Review of the state of the 
art for nondestructive inspection to 
select a method(s) for detecting 
flaws in the reinforcement of pre- 
stressed concrete highway bridges and 
to develop and deliver the inspection 
equipment. 

Performing Organization: Southwest 
Research Institute, San Antonio, Tex. 
78284 

Expected Completion Date: October 
O77 

Estimated Cost: $101,000 (FHWA 
Administrative Contract) 


Title: Acoustic Emission Methods for 
Flaw Detection in Steel in Highway 
Bridges. (FCP No. 35F1062) 
Objective: Fabricate and deliver a 
workable acoustic emission self 
monitoring unit with source isolation 
capability. 

Performing Organization: Battelle 
Northwest, Richland, Wash. 99352 
Expected Completion Date: March 
1977 

Estimated Cost: $70,000 (FHWA 
Administrative Contract) 





Non-FCP Category 0—Other 
New Studies 


Title: Water Base Coatings for 
Protection of Steel Structures. (FCP 
No. 40M3372) 

Objective: Formulate and evaluate 
various types of water base coatings 
for use over zinc primer; formulate 
and evaluate complete water base 
primer and topcoat systems that 
would be equal to or better than 
present alkyo type maintenance paint. 
Performing Organization: California 
Department of Transportation, 
Sacramento, Calif. 95807 


Expected Completion Date: April 
Vere 
Estimated Cost: $78,000 (HP&R) 


Title: Prestressed Zero Maintenance 
Pavements (Evaluations, Recommen- 
dations, and Documentation)—Study 
I. (FCP No. 3084622) 

Objective: Update, evaluate, recom- 
mend, and document technology for 
prestressed concrete pavements. 
Performing Organization: Portland 
Cement Association, Skokie, III. 60076 
Expected Completion Date: January 
1978 

Estimated Cost: $356,000 (FHWA 
Administrative Contract) 


Notice 
Beginning with this issue the 
department “Highway Research and 
Development Reports Available 
from the National Technical Infor- 
mation Service’ will no longer be 


“published in Public Roads. This 
department will be replaced in the 
December 1976 issue by a new 
department, “Recent Research 
Reports You Should Know About.” 
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